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Abstract
Chaffin, Elise A. Ph.D. The University of Memphis. August, 2016. The OpticalPlasmonic Properties of Core-Shell Structured, Metallic Nanoparticles. Major Professor:
Yongmei Wang. Ph.D.
Noble metal nanoparticles (NPs) exhibit unique optical-plasmonic properties that make
them advantageous for numerous applications. Gold nanomaterials in particular have
been employed in imaging, sensing, and therapeutic applications due to their simple
conjugation with various biomarkers as well as their biocompatibility and low reactivity.
As a result of the large electric fields generated at the surfaces of gold (Au) and silver
(Ag) nanoparticles (NPs) by the localized surface plasmon resonance (LSPR) of the
conduction band electrons, Ag and Au NPs greatly enhance the signals of Raman
scattering by adsorbed molecules. The suitability of a particle for use in a specific
application is often dependent on the particle’s LSPR properties. The computational
methods of Mie Theory and the Discrete Dipole Approximation enable the computation
of optical scattering and absorption spectra, and surface electric fields (E-fields) and offer
valuable insight into the effects of NP characteristics on NP LSPR properties. In this
dissertation, we have investigated the effects of various NP attributes including particle
size, chemical composition, structure, and shape. Through these studies we have aimed to
guide experimental efforts in optimizing the design of NPs for various applications as
well as to provide a better understanding of the observed LSPR properties of previously
synthesized NPs.
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Chapter 1
Introduction
Although plasmonic nanoparticles (NPs) such as gold (Au) and silver (Ag) NPs
have been used since as early as the 4th century in the famous Roman glass Lycurgus cup,
the widespread use of Au NPs was not realized until the late 20th century when
differences between the properties of materials in bulk and on the nanoscale were
realized.1,2 Because Au NPs have been found to have unique properties such as large
absorption coefficients and low biotoxicity,3–7 Au NPs have been utilized for applications
in a number of fields including electronics, catalysis, imaging, sensing, diagnostics, and
therapeutics.3,4,6,8–44
Many of the unique properties of Au NPs stem from a phenomenon known as
Localized Surface Plasmon Resonance. The conduction band electrons of Au, Ag, and
other metals can interact with an incident electromagnetic field (E-field). If the
dimensions of a metal are smaller than the wavelength of incident light (as in the case of
NPs) there is a coherent oscillation of the conduction band electrons throughout the
particle known as Localized Surface Plasmon Resonance (LSPR) as illustrated by Figure
1.1.45–48 At and around a NPs LSPR frequency, there is a strong absorption of light and
subsequent conversion to heat energy. This efficient conversion of light to heat has been
utilized in numerous applications; one of particular interest is that of photothermal
therapy (PTT).9,12–14,17,27,28 PTT uses the heat generated by the LSPR of Au NPs to induce
cell death in tumors. Additionally, LSPR results in the enhancement of both incident and
scattered photons, making them particularly advantageous for detection methods, such as
Surface Enhanced Raman Scattering (SERS).49–57 Certain applications, including PTT
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and SERS, require the LSPR of the Au-shell particles used to be within a spectral region
or near a specific wavelength. For example, for PTT it is desirable for the NPs to have
strong absorption in the near-infrared (NIR) region, at wavelengths that water and
hemoglobin have low absorption coefficients. However, the magnitude of a particle’s
LSPR properties at a given wavelength of incident light is largely influenced by the
physical characteristics of the NP including the NP size, shape, and composition.

E"Field
Electron
Cloud
Figure 1.1. Illustration of Localized Surface Plasmon Resonance of a spherical Au NP
upon interaction with an electric field.
Early studies showed that, for spherical Au NPs, the LSPR wavelength red shifts
with an increase in NP size, but the degree of this red shift is generally insignificant.58–61
Additionally, if the NP diameter is large enough, two peaks are observed in the extinction
spectrum, corresponding to the dipole and quadrupole LSPR modes; for smaller NPs,
only the dipole mode is observed.
One method that has been used to amplify the LSPR properties of Au NPs or to
shift the LSPR wavelength, is the synthesis of core-shell structured NPs. Au-shell
particles have been synthesized using a variety of core materials including silica, silver,
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iron oxides, and cobalt.3,4,6,12,16,23,34,35,37–43,62 The plasmonic properties exhibited by coreshell structured NPs have been studied both theoretically and experimentally. Jain et al.
uncovered a universal scaling model for silica-Au core-shell NPs that describes the
relationship between the ratio of core radius to shell thickness and the extent of the LSPR
red shift from that of a similarly sized solid Au NP. This model has been shown to
describe silica-Au NPs independently of particle size.63,64 To provide a clearer
understanding of core materials other than silica, Levin et al. reported that, for a core
material with a small real dielectric constant, a red shift of the LSPR peak was observed
with increasing Au shell thickness, but, for a core with a large real dielectric constant, the
opposite trend was observed.39 Although the effects of nonabsorbing core materials have
been examined, many applications use non-transparent core materials, as is the case for
magnetic-plasmonic iron oxide core – gold shell NPs (IO-Au NPs). Unlike silica, which
is effectively transparent in the visible region, materials that absorb light have a complex
dielectric functions in the form of 𝜀, = 𝜀,. + 𝑖𝜀,.. with an imaginary component that
accounts for the material’s absorption of light. The individual effects of these real and
imaginary components of core-materials with complex dielectric functions on the LSPR
of Au-shell NPs have not been examined. Furthermore, there are apparent discrepancies
in literature on the effects of increasing the shell thickness of Au-shell NPs; studies have
reported both blue-shifts and red-shifts of the LSPR peak as the effect of increasing the
Au shell thickness of a particle.3,4,6,38,41–44,62,65
Unlike solid Au NPs, the LSPR spectra of core-shell structured NPs may exhibit
multiple peaks. Prodan et al. introduced a plasmon hybridization model to explain the
appearance of these additional LSPR modes.66 This theory proposes that, in a core-shell
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structured NP, two surface plasmons are present, the first at the interface of the core and
the shell and the second at the interface of the NP surface and the dielectric environment.
According to this model, these to plasmons can hybridize symmetrically, resulting in a
red shifted LSPR mode, or anti-symmetrically, resulting in a blue shifted LSPR mode.
Even in the case of core-shell structured NPs, the LSPR of spherical Au or Aushell NPs is typically in the visible region. By transitioning from a spherical Au NP to an
elongated Au nanorod (NR) a substantial red shift of the LSPR can be effected.67 In the
case of Au NRs, two LSPR modes are visible which correspond to the transverse mode
(along the shorter dimension of the NR) and longitudinal modes (along the full length of
the NR). Link et al. found that the longitudinal LSPR mode red shifts linearly with
increasing NR aspect ratio (AR), the ratio of NR length to NR width.68,69 This trend has
been further observed in both theoretical and experimental studies.61,68–74 Various NP
shapes have been studied including cubes, regular decahedral, regular pentagonal, and
stars. The plasmon hybridization model was applied by Hao et al. to a single nanostar for
which experimentally measured spectra were available.75 They calculated individual
LSPR modes for the NP tips and sphere individually and compared them with the LSPR
spectrum for the complete particle. Their study suggested that the individual LSPR
modes of the tips and the sphere can hybridize to form lower-energy hybridized LSPR
modes, the modes present in the resultant nanostar spectrum. Although core-shell
structured nanoparticles have found uses in a wide range of applications, the majority of
theoretical studies regarding shape effects on LSPR have focused on solid Au NPs
providing only a limited understanding of the effects of NP shape on LSPR effects.
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Like Au NPs, Ag nanomaterials exhibit LSPR. In fact, the LSPR of Ag NPs is
much stronger than for an Au NP of the same size.76 Unfortunately, Ag NPs lack the
biocompatibility of Au NPs and undergo rapid oxidation to form a layer of Ag2O in
aqueous environments, causing a large decrease in NP LSPR properties. Furthermore, the
wavelengths at which Ag NPs exhibit maximum LSPR, are generally outside the optimal
spectral region for many biomedical applications.77–94 For the aforementioned reasons,
various Ag/Au hybrid nanoparticles have been synthesized in an effort to increase NP
stability, reduce biotoxicity, increase SERS enhancement effects, as well as to tune the
LSPR wavelength for SERS detections methods.83–94 The two most common Ag/Au
hybrid NPs are Ag-Au core-shell NPs and Ag/Au alloyed NPs. Although the LSPR
extinction effects of Ag-Au core-shell NPs are fairly well understood,85,95–97 previous
studies aiming to better understand the LSPR effects of Ag/Au hybrid NPs have relied on
using a linear combination of Ag and Au refractive indices to represent Ag/Au alloyed
materials, a method that was shown to be inaccurate in early studies and is not in
agreement with experimental data.83 One such study observed Ag-Au NPs and Ag/Au
alloyed NPs with equivalent % compositions of Ag and Au to have nearly identical LSPR
extinction spectra and E-field enhancement properties.85
As alluded to previously, the LSPR of Au and Au hybrid NPs results in the
enhancement of an incident E-field near the surface of the particle. This E-field
enhancement is particularly useful for Surface Enhanced Raman Spectroscopy (SERS).
Raman spectroscopy uses the inelastic scattering of light by a molecule’s characteristic
vibrational frequencies to obtain a fingerprint-like spectrum. In the two modes of Raman
scattering, an electron is promoted to a virtual excited state followed by the relaxation to
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the electronic ground state. In Stokes scattering, the molecule absorbs energy from the
photon and emits a photon with a lower frequency than the incident photon. Conversely,
in anti-Stokes scattering the photon gains energy from the molecule and is emitted at a
higher frequency. These two Raman modes are illustrated in Figure 1.2. Because the
inelastic of a photon is a rare event, traditional Raman spectroscopy cannot generally be
used for the detection of analysis of trace molecular species. However, this can be
accomplished by employing the signal enhancement effects of the LSPR of noble metal
NPs in Surface Enhanced Resonance Raman Spectroscopy (SERS). In SERS, the LSPR
of a NP enhances both the incident and scattered light, resulting in a signal enhancement
on the order of 105-106 times higher than most photoabsorbing organic dyes.49

Figure 1.2. Stokes and anti-Stokes Raman scattering modes. hνi is the energy of the
incident photons from the Raman laser and hνs is the energy of the energy of the scattered
photons.
The investigations presented in subsequent chapters provide further insight into
the effects of Au and Au-hybrid NP composition and shape on LSPR properties through
6

the use of extended Mie theory and the Discrete Dipole Approximation (DDA).
Computational studies allow for the calculation of both the extinction spectra and the Efield enhancement and SERS properties of NPs of various compositions and shapes. The
capability to systematically vary individual particle characteristics allows for the LSPR
effects of each parameter to be more clearly understood.
1.1 Methods
1.1.1 Mie Theory
A common method for the calculating the LSPR properties of nanoparticles is by
using the exact solution to the Maxwell equations developed by Mie in 1908 that
describes the scattering and absorption of light by spherical particles.98 Starting with the
expansion of an incident plane wave in spherical harmonics from Bohren and Huffman,47

𝑬234 = 𝐸6

=
3 *37(
3>( 𝑖 3 37(

(
(
𝑴9(3
− 𝑖𝑵<(3

(1.1)

and requiring the electromagnetic field to be continuous across dielectric boundaries,
the scattered E-field is given as

𝑬? =

=
3>( 𝐸3

A
A
𝑖𝑎3 𝑵<(3
− 𝑏3 𝑴9(3

(1.2)

The vector spherical harmonics superscripts (1) and (3) refer to the vector spherical
harmonics generated from functions using spherical Bessel functions, 𝑗3 , or spherical
Hankel functions of the first kind, ℎ3( , respectively. The scattering coefficients 𝑎3 and
𝑏3 are determined through application of the boundary conditions and are given by
equations (1.3) and (1.4).
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H J
FG H IJ FG J $IFG IJ FG

𝑎3 =

(1.3)

H J
FG H IJ KG J $IFG IJ KG

H J
IFG H IJ FG J $FG IJ FG
H
H J
IFG IJ KG J $FG IJ KG

𝑏3 =

(1.4)

where ψn and ζn are Riccati-Bessel functions. For a multi-layered sphere, the recursive
algorithm developed by Wu and Wang allows for the consecutive determination of these
parameters for each dielectric layer.99 The scattering coefficients 𝑎3 and 𝑏3 are
determined for the outermost layer in the dielectric medium. From the scattering
coefficients, the scattering and extinction cross sections are given by equations (1.5) –
(1.6).
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(1.6)

where k=2π/λ. The scattering and extinction efficiencies, Qext and Qsca are the cross
sections divided by the cross section area (equations 1.7—1.8)
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(1.8)

where R is the NP radius47. The average of the E-field over the surface of the NP, <NF>,
is given by equation (1.9).100
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1.1.2 The Discrete Dipole Approximation (DDA):
Because the Lorentz-Mie solution to the Maxwell equations only applies to spherical
particles, an approximation method is necessary in order to calculate the scattering and
absorption of light by nonspherical particles. The Discrete Dipole Approximation (DDA)
is a versatile approximation method for the solution of the Maxwell equations for the
determination of scattering and absorption of incident light by any system that can be
represented by a series of point dipoles on a cubic lattice. Because each point dipole is
assigned a complex dielectric function specific to the material of interest and there are no
restrictions as to which lattice points are assigned to a particle, arbitrary particle shapes
can be accurately modeled. We have utilized the DDA as implemented by Draine and
Flatau in the DDSCAT 7.3 Fortran package.101–105 The system of interest is represented
by N point dipoles separated by a distance d and has a total material volume of 𝑉 = 𝑁𝑑 A .
The E-field at the position of dipole j, rj
𝑬 𝒓` = 𝑬234,` + 𝑬9Ta<,,`

(1.10)

results from the contribution of the incident E-field,
𝑬234,` = 𝑬6 𝑒𝑥𝑝 𝑖𝒌 ∙ 𝒓` − 𝑖𝜔𝑡

(1.11.1)

𝒌 = 𝑥𝑘J + 𝑦𝑘i + 𝑧𝑘k

(1.11.2)

𝒓` = 𝑥𝑥` + 𝑦𝑦` + 𝑧𝑧`

(1.11.3)

where k=2π/λ is the wavevector in a vacuum, plus the contributions of the other 𝑁 − 1
dipoles in the system
𝑬9Ta<,,` = −
9

`nO 𝑨`O

∙ 𝑷O

(1.12)

Pj is the polarization of dipole j given by
𝑷` = 𝛼` ∙ 𝑬 𝒓`

(1.13)

where 𝛼` is the dipole polarizability. This polarizability is determined according to the
Clausius-Mossotti relation with the lattice dispersion relation (LDR) expansion for
improved accuracy.
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, 𝑏( = −1891531, 𝑏* = 0.1648469, 𝑏A = −1.7700004 (1.16)

mj is the complex refractive index at dipole j and 𝑎` and 𝑒` are the unit vectors that define
the incident direction and polarization. Each Ajk is a 3x3 matrix given by (1.17) where
𝑟`O = 𝒓` − 𝒓O and 𝒓`O = 𝒓` − 𝒓O
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Plugging into (1.13) gives
𝑷` = 𝛼`vwX 𝑬6 𝑒𝑥𝑝 𝑖𝒌 ∙ 𝒓` − 𝑖𝜔𝑡 −
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The dipole polarizations and resultant E-fields can then be determined. Subsequently, the
extinction and absorption cross sections, Cext, Csca, and Cabs as well the scattered E-field
can be found from equations (1.19) – (1.22) using the calculated Pj values.
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1.2 Overview of Chapter Contents
In Chapter 2, we present a systematic investigation of effects of the real and
imaginary components of complex refractive indices on the LSPR of Au-shell NPs.
Furthermore, the universal scaling model of Jain et al.64 has been extended from silica-Au
core-shell NPs to IO-Au NPs. Additionally, we use this model to address the apparent
discrepancies regarding the reported effects of Au-shell thickness on LSPR. Finally, we
have investigated the effects of inserting a polymer gap between an IO core and an Au
shell as a method of increasing a particle’s LSPR. In Chapter 3, we have utilized a
recently developed algorithm for the complex refractive indices of Ag/Au alloys106 to
study and compare the LSPR properties of Ag/Au alloyed NPs and Ag-Au core-shell
NPs. In particular, we focus on the LSPR E-field enhancement effects as pertaining to
SERS applications. Chapter 4 is a collaborative study that presents a method for the sizecontrolled growth of IO-Au nanospheres (NSPs), nanopopcorns (NPCs), and nanostars
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(NSTs) along with an investigation into the process of anisotropic NP growth. As our
contribution to this collaboration we have calculated the LSPR spectra of IO-Au NSPs,
NPCs, and NSTs of various sizes and compared our calculation spectra with the
absorption spectra of synthesized NSPs, NPCs, and NSTs presented in this study. Finally,
Chapter 5 provides a summary of conclusions and recommendations for future
continuation studies.
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Chapter 2
Impact of Core Dielectric Properties on the Localized Surface Plasmonic Spectra of
Gold-Coated Magnetic Core–Shell Nanoparticles
Gold-coated iron oxide core-shell nanoparticles (IO-Au NPs) are of interest for
use in numerous biomedical applications because of their unique combined magneticplasmonic properties. Although the effects of the core-dielectric constant on the localized
surface plasmon resonance (LSPR) peak position of Au-shell particles have been
previously investigated, the impact that light-absorbing core materials with complex
dielectric functions have on the LSPR peak is not well established. In this study, we use
extended Mie theory for multilayer particles to examine the individual effects of the real
and imaginary components of core refractive indices on Au-shell NP plasmonic peaks.
We find that the imaginary component dampens the intensity of the cavity plasmon and
results in a decrease of surface plasmon coupling. For core materials with large imaginary
refractive indices, the coupled mode LSPR peak disappears, and only the anticoupled
mode remains. Our findings show that the addition of a nonabsorbing polymer layer to
the core surface decreases the dampening of the cavity plasmon and increases LSPR
spectral intensity. Additionally, we address apparent discrepancies in the literature
regarding the effects of Au-shell thickness on LSPR peak shifts. This chapter has been
published as a journal article in the Journal of Physical Chemistry B 2014, 118, 14076–
14084.
2.1 Introduction
Noble metal nanoparticles (NPs) have received considerable interest during the
past 2 decades, in fields ranging from materials science and biology to medicine, because
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of their unique optical, electronic, and catalytic properties.77,107–111 In particular, goldcoated magnetic nanoparticles have shown promise in a number of applications as a
result of their unique combination of plasmonic and magnetic properties. A magnetic
core enables the use of Au-shell NPs in applications such as magnetic separation,
magnetic field-guided drug delivery, and magnetic resonance imaging (MRI).32,33 A gold
coating facilitates the surface conjugation of various biomarkers and provides the
chemical inertness that makes these nanoparticles excellent candidates for
immunotargeting. Additionally, gold exhibits unique optical properties that stem from the
surface plasmon resonance (SPR) effect. SPR is the coherent oscillation of free electrons
on the surface of noble metals upon exposure to the oscillating electromagnetic fields of
incident light.45–47 For noble metal nanoparticles with total particle sizes smaller than the
wavelength of incident light, the collective oscillation of the free electrons in the particle
is referred to as localized surface plasmon resonance (LSPR). Because of LSPR, noble
metal NPs display strong combined absorption-scattering spectra, most commonly with
absorption in the visible region.48 The increase in the optical absorption efficiencies of
these particles has been observed to be ~105−106 times stronger than that of
photoabsorbing organic dyes.58 As a result of their characteristic LSPR properties, Au
NPs have been used in numerous applications including sensing, imaging, and
hyperthermia treatment.3,29–31,112 The unique combination of magnetic and plasmonic
properties makes gold-coated magnetic NPs extremely attractive for numerous
biomedical applications. Hence, there have been many synthesis efforts aiming to control
the size and shape of gold-coated NPs.3,4,6,12,16,34,35,37–44,62,112
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It has been recognized that plasmonic optical properties of nanoshells with
dielectric cores and noble metal shells are tunable through the variation of core size and
shell thickness.58,64,66,113–115 One such system that has been previously investigated is the
silica-core gold nanoshell. A red shift of the LSPR peak as large as 300 nm has been
observed when the Au-shell thickness was decreased to only a few nanometers.113
Theoretical calculations using extended Mie theory have demonstrated the existence of a
universal scaling relationship between the shift of the LSPR peak and the thickness of the
Au-shell with respect to the core size.63,116 According to this relationship, a Si-Au coreshell nanoshell with a 60 nm total diameter and 5 nm Au-shell should have an LSPR peak
in the near-infrared region (λ > 750 nm) and a larger core with the same Au-shell
thickness would give rise to an LSPR peak at an even longer wavelength.
Iron oxide (IO) NPs are the most commonly used magnetic nanoparticles in
biomedical applications. Iron oxides have light and has a near-zero imaginary
component. Although the effects of shell thickness on the observed plasmonic peak of
silica-Au NPs have been investigated by Jain et al.,64 the impact of complex core
dielectric properties on the LSPR of core-shell particles is not well understood.
Previously, Levin et al. discussed how the dielectric properties of the core impact the
plasmonic properties, but the investigation focused on Au-shell particles with only real
dielectric cores. On the basis of their results, they have suggested that there are two
predominant trends in the shifts of plasmonic peaks that are dependent on the value of the
core dielectric constant and the thickness of the Au-shell. According to their theory, a
core with a small dielectric constant corresponds to a blue shift of the plasmonic peak
with the increase of the Au-shell thickness, whereas a core with a large dielectric constant
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results in a red shift of the plasmonic peak.39 Careful examination of reported absorption
spectra of gold-coated iron oxide (IO-Au) NPs reveals that there have been no spherical
IO-Au NPs synthesized that express strong near-infrared (NIR) absorption properties;
only anisotropic IO-Au NPs have exhibited NIR absorption. In order to achieve the
synthesis of spherical IO-Au NPs with NIR absorption, Jin et al. suggested inserting a
polymer layer between IO-core and Au-shell. This approach resulted in IO-Au NPs that
exhibited broad, low-intensity absorption peaks that extended into the near-infrared
region.3 The effects of this polymer layer on the plasmonic properties of Au-shell NPs are
not well understood. These earlier studies have been the motivation for our further
examination into the effects of magnetic−core dielectric properties on the plasmonic
spectra of Au-shell magnetic NPs.
2.2 Theoretical Methods
In this study, we have used extended Mie theory to calculate the scattering and
absorption of electromagnetic plane waves by dielectric spheres as described by the
Lorenz-Mie solution to the Maxwell equations.98 By requiring continuous tangential
components of the electric and magnetic fields across the boundary of two dielectric
media, this theory enables the solution of the scattering of electromagnetic waves by
single- component, spherical particles. In 1951, Aden and Kerker extended this theory in
order to study two-layered spheres; further improvements were made by others.47,117,118 A
subsequent extension of the theory to a multilayered sphere was introduced by Bhandari
et al.,119 and an efficient recursive algorithm was developed by Wu and Wang to improve
computation efficiency.99 Further improvements have been applied to the algorithm of
Wu et al. but are only necessary for particles having size parameters much larger than the
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particles of interest in our investigation.120 Using the recursive algorithm developed by
Wu and Wang,99 we have developed a code that has been implemented in Mathematica 9.
In brief, according to traditional Lorenz-Mie theory, the extinction efficiency, Qext, can be
found according to eqs. (2.1.1) and (2.1.2),
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where Np and Nm are the complex refractive indices of the particle and medium,
respectively, and R is the particle radius. an and bn are coefficients found from the
boundary conditions according to eqs. (2.2.1) and (2.2.2),
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where ψn and ζn are Ricatti−Bessel functions. For a multilayered sphere, the recursive
algorithm developed by Wu and Wang allows for the consecutive determination of these
parameters for each dielectric layer. The extinction efficiency is found from the
coefficients an and bn in the external dielectric medium. Our implementation of this
algorithm has been tested through the successful reproduction of previously published
extended Mie theory results for Au-shell NPs (data not shown). The refractive index
values of gold and cobalt were taken from Johnson and Christy,121,122 and the refractive
index values of magnetite were taken from Goossens et al.123 We have chosen to use the
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refractive index of iron oxide in the magnetite (Fe3O4) form in our calculations. Other
iron oxides, maghemite (γ-Fe2O3) and wüstite (FeO), have similar complex refractive
index functions in the wavelengths of interest and thus would be expected to have similar
LSPR spectra and were therefore not investigated in this study.124,125
2.3 Results and Discussion
Figure 2.1 presents the LSPR spectra of 50 nm diameter core-shell nanoparticles
with 5 nm Au-shells and 40 nm diameter cores. We have included the LSPR spectra for
three core materials: hollow, which has a refractive index equal to that of the surrounding
aqueous medium, silica, and magnetite, along with the spectrum of a 50 nm diameter
solid gold NP. When compared with the spectrum of the 50 nm solid gold NP, the LSPR
peaks of the core-shell NPs are red-shifted. The peak shifts of the hollow-core and silicacore particles are similar in magnitude; however, the LSPR peak of the magnetite core
particle exhibits an even larger red shift. In contrast, the LSPR peak intensity of the
magnetite-core NP is significantly lower than those of the hollow-core and silica-core
NPs, although we note that its peak intensity is comparable to that of the solid-Au NP. It
is apparent that the dielectric properties of the core materials can significantly impact
both the peak position and intensity of LSPR spectra.
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Figure 2.1. LSPR spectra of core−shell particles with total diameters of 50 nm, 5 nm Aushells, and 40 nm diameter cores with core materials of magnetite (IO), silica, water
(hollow), or gold (a solid Au NP).
As was alluded to earlier, the dielectric properties of each of these core materials
are rather different. According to classical electromagnetic theory, the dielectric constant
is related to the refractive index of the material through the equation, n = (εrµr)1/2, where
µr is the relative permeability (µr ≅ 1) for most materials in the visible spectrum) and εr is
the relative dielectric permittivity, generally referred to as the dielectric constant. As
previously introduced, nontransparent materials have complex refractive indices; both
gold and magnetite have nonzero imaginary refractive index components. Silica, on the
other hand, is essentially nonabsorbing and has only a real refractive index with a value
of 1.46. In order to assess the individual effects of the real and imaginary refractive index
components of the core material on the LSPR spectrum, we have computed the spectra of
core-shell NPs, identical in size, but with the imaginary components of the core
refractive indices set to zero and the values of the real components varied. Data are
shown in Figure 2.2.
19

Figure 2.2. LSPR spectra of core-shell particles with total diameters of 50 nm, 5 nm Aushells, and 40 nm diameter cores with refractive indices varied from 1.33 + 0i to 3 + 0i.
Values for real (Re) and imaginary (Im) components of refractive indices are shown in
the legend. The spectra of a solid-gold NP, an IO-Au NP, and an IO-Au NP with only the
real part of the IO refractive index are shown for comparison.
The LSPR peaks are consistently red-shifted, and the intensity of the LSPR peaks
is decreased slightly as the value of the real refractive index is increased. It should be
noted that the real part of the refractive index of magnetite varies with the wavelength of
incident light and has a minimum of 1.56 and a maximum of 2.43 in the visible-infrared
range. The LSPR peaks for the absorbing and nonabsorbing magnetite-core NPs are
nearly identical; however, the intensity of the absorbing magnetite-core NP is
substantially lower. These data clearly demonstrate how the LSPR peak position is
affected by the real component of the core refractive index; the larger is the real
refractive index, the larger is the red shift of the LSPR peak.
Although Figure 2.2 may appear to signify that the LSPR peak position is solely
dependent on the real component of the refractive index with imaginary component
impacting only the LSPR peak intensity, this is not entirely true. In the previous example,
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the wavelength-dependent imaginary component of magnetite’s refractive index is small,
ranging from 1.2 to 0.5; hence, its influence on the LSPR peak position is negligible.
Figure 2.3A presents the LSPR spectra for core-shell nanoparticles, identical to those in
Figure 2.2 but with uniform imaginary refractive indices of 1. By comparison of the
spectra in Figure 2.3A with the analogous spectra in Figure 2.2, it can be clearly seen that
the introduction of a small imaginary component to the refractive index results in blue
shifting and significant broadening of the LSPR peak. Figure 2.3B provides a clear
comparison between the LSPR spectra for NPs with complex core refractive indices and
NPs with only real core refractive indices.
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Figure 2.3. LSPR spectra of core−shell particles with total diameters of 50 nm, 5 nm Aushells, and 40 nm diameter cores. (A) Core refractive indices were varied from 1.33 + i to
3 + i. (B) Core refractive indices with the real components varied from 1.33 to 3 and
imaginary components of either 0 (solid) or 1 (dashed).
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Previously, Prodan et al. proposed a hybridization model to explain the optical
properties of core-shell nanoparticles.66,126 According to this model, when a dielectric
core is introduced into a spherical gold particle, surface plasmons are formed at the inner,
shell-core interface (cavity) and on the outer gold surface (sphere). This model, which is
analogous to an atomic orbital hybridization model, suggests that in core-shell
nanostructures, the sphere and cavity plasmons hybridize to form a red-shifted (lower
energy) coupled plasmon mode and a blue-shifted (higher energy) anticoupled mode. The
extent of the plasmon coupling is dependent on the particle shell-thickness; the thinner is
the shell, the stronger is the coupling and the greater is the energy difference between the
two resulting plasmon modes. The spectra in Figures 2.2 and 2.3 exhibit only the redshifted, coupled plasmon mode; the anticoupled mode is not observable. It should be
noted that the shift of the LSPR peak in Figure 2.2 is not due to a change in shell
thickness but rather a difference in the values of the core dielectric constants. An increase
in the real refractive index of the core material generates a lower frequency cavity
plasmon; thus, a red shift of the LSPR peak is observed.
This hybridization model can also be applied to explain the observed effects of
the imaginary component of the core refractive index on the LSPR peak. A core material
with a complex refractive index decreases the intensity of the cavity plasmon, dampening
the cavity plasmon mode. One would expect the extent of coupling between the cavity
and sphere plasmon modes to decrease when the imaginary component of the refractive
index is not negligible. By comparison of the LSPR spectra of Au-shell NPs with real
dielectric cores with identical Au-shell NPs with complex dielectric cores (shown in
Figure 2.3B), it can be seen that the LSPR peaks of the particles with complex dielectric
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cores are significantly broadened and slightly blue-shifted. This suggests a decrease in
coupling between the cavity and surface plasmon modes.
Although the anticoupled mode is not typically visible in the LSPR spectra, it can
be observed in certain instances when the imaginary component of the core refractive
index is large. Figure 2.4 presents representative calculated spectra of core−shell NPs
with fixed real refractive indices and imaginary refractive index components varying
from 0 to 3, along with the spectrum of a solid-Au NP for comparison. As the imaginary
component is increased, a shoulder peak appears at around 500 nm. This peak
corresponds to the anticoupled mode and has a frequency that is higher than that of the
LSPR peak of a solid-Au NP. When the imaginary refractive index has a value between 1
and 1.5, two LSPR peaks can be clearly seen, one for the coupled mode and the other for
the anticoupled mode. Upon further increase of imaginary refractive index, only the
anticoupled mode remains visible.
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Figure 2.4. LSPR spectra of core−shell particles with total diameters of 50 nm, 5 nm Aushells, and 40 nm diameter cores with their refractive indices varied from 3 + 0i to 3 + 3i,
along with the spectrum of a solid Au NP. The spectra of the 3 + 0i and solid Au NPs
have been reduced to 30% intensity for comparison purposes.
Similar to iron oxides, cobalt metal is known to have strong magnetic properties.
In fact, the saturation magnetization of cobalt is significantly higher than both magnetite
and maghemite.127 Because of cobalt’s strong magnetic properties, some work has been
done to synthesize gold-coated cobalt (Co-Au) NPs with the objective of retaining the
magnetic properties of cobalt-metal NPs without retaining their toxicity.127–130 We have
computationally investigated the optical properties of Co-Au core-shell NPs. However,
because cobalt has a large imaginary refractive index, for Au-shell thicknesses larger than
7.5 nm, only a single, low-intensity LSPR peak that blue-shifts with decreasing shell
thickness is visible (Figure 2.5); this peak corresponds to the anticoupled plasmon mode.
In the earlier study of Wang et al. a single peak that blue-shifted with a decrease of
plasmonic shell thickness was observed for the case of Co-Ag core-shell NPs both
experimentally and computationally using extended Mie theory. They noted that a blue
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shift with decreasing shell thickness distinctly contrasted the experimental results of Jain
et al. for IO-Au NPs.115,131 Our results indicate that these opposing trends can be justified
by noting that the dominant plasmon hybridization mode is the anticoupled mode for Cocore NPs and the coupled mode for IO-core NPs.
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Figure 2.5. LSPR spectra of (A) core−shell particles with total diameters of 50 nm, 5 nm
Au-shells, and 40 nm diameter cores with core materials of magnetite (IO), silica, water
(hollow), or gold (a solid Au NP). The hollow and silica core NP spectra have been
reduced to 25% intensity for comparison. (B) Shown are 50 nm total diameter Co−Au
NPs with Au-shell thicknesses varying from 5 to 17.5 nm.
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For shell thicknesses less than 7.5 nm, a small peak can be seen at around 950 nm,
corresponding to the coupled plasmon mode. The absence of a coupled mode peak in the
LSPR spectra of Co-Au NPs with thicker shells suggests that because of the strong
damping of the cavity plasmon by the cobalt core, there is little to no coupling between
the two surface plasmons. As the thickness of the Au-shell is decreased, the distance
between the two plasmons is also decreased and results in increased coupling between the
two plasmon modes and the appearance of a second LSPR peak in the infrared region.
However, the intensity of this peak is very weak, which suggests that these particles
would be of little value for certain applications, such as photothermal therapy.
The influence of the Au-shell thickness on the LSPR spectra of core−shell NPs
with silica or hollow cores has been studied previously; Jain et al. have shown that as the
thickness of the Au-shell layer is decreased, the magnitude of the observed LSPR red
shift increases, not according to the absolute Au-shell thickness of the NP but rather
according to the ratio of Au-shell thickness to core radius.64 The LSPR peak shift can be
fitted to a universal scaling, eq. (2.3),
𝛥𝜆 𝜆6 = 0.97 ⋅ exp −𝑡 𝑅 0.18

(2.3)

where λ0 is the corresponding gold sphere LSPR peak maximum, λ is the LSPR peak
maximum of the core-shell particle (where only the coupled hybridization mode is
observed), t is the Au-shell thickness, and R is the core radius. Figure 2.6A shows the
LSPR spectra for 50 nm total diameter IO-Au NPs with different shell thicknesses; the
LSPR peak red-shifts as the thickness of the Au-shell is decreased. This trend is
consistent with the extended Mie theory results of Brullot et al. for large (140 nm total
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diameter) IO-Au NPs of varying shell thickness and is similar to the red shift observed
for silica-core and hollow NPs.64,132 Additionally, we have determined a similar scaling
relationship between Δλ/λ0 and t/R for IO-Au NPs as shown in Figure 2.6B. The data in
Figure 2.6B have been fitted to the exponential decay eq. (2.4),

𝛥𝜆 𝜆6 = 0.73 ⋅ 𝑒𝑥𝑝((−𝑡 𝑅) 0.39).

(2.4)

By comparison of eq. (2.4) with the universal relationship for silica- core NPs presented
by Jain et al., the equation for IO-Au NPs has a larger decay constant, consistent with
LSPR peaks that are more red-shifted than those of Si-Au NPs having identical shell
thicknesses and core radii.
The above results suggest that for IO-Au NPs, a blue shift of the LSPR peak will
be observed with an increase in the thickness of the Au-shell layer in a similar manner as
for Si-Au NPs. However, this concept may not directly apply to typical IO-Au NP
synthesis. In the above discussion, the total diameters of the particles were fixed while
the shell thicknesses and core radii were varied concurrently. In typical IO-Au NP
synthesis, the IO-core diameter remains constant; as the Au- shell thickness increases, the
total particle size increases as well. If the Au-shell thickness is small with respect to the
radius of the IO-core, as expected, a blue shift of the LSPR peak will be observed with an
increase of the Au-shell thickness. However, as the Au-shell layer continues to grow, a
red shift of the LSPR peak can occur. Figure 2.7A shows the LSPR spectra for a series of
Au-shell NPs with 15 nm diameter IO-cores and varying shell thicknesses. Initially, as
the shell thickness is increased, a corresponding blue shift of the LSPR peak is observed,
but as the Au-shell continues to grow, the LSPR peak begins to shift to longer
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wavelengths. Because of this effect, both trends have been observed in IO-Au NP
synthesis literature, resulting in apparently contradictory conclusions on the effect of the
Au- shell thickness on the LSPR peak shift.3,4,6,38,41–44,62,65 Although the red shift of the
LSPR peak with increasing Au- shell thickness may seem to contradict the universal
scaling of eq. (2.4), when we use the LSPR peak position of solid-Au NPs with identical
particle diameters, the observed peak shifts do in fact adhere to the universal scaling
equation. Figure 2.7B shows the fractional LSPR shifts of these particles, compared with
solid-Au NPs of the same diameters with the line of best fit from Figure 2.6B. The data
points have been fit to this equation with an R2 value of 0.990. The observed red shift of
the LSPR peak with increasing shell thickness, as shown in Figure 2.7A, is actually due
to the increase in overall particle diameter rather than the increase in the absolute
thickness of the Au-shell layer.
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Figure 2.6. (A) LSPR spectra of 50 nm total diameter IO-Au NPs with Au-shell
thicknesses ranging from 5 to 17.5 nm. The spectrum of a 50 nm diameter solid Au NP
has been included for comparison. (B) Fractional shift (Δλ/λ0) of the LSPR peak
maximum for three sizes of IO-Au NPs with varied shell thicknesses and core-radii (t/R).
The points have been fitted to an exponential decay curve of the form Δλ/ λ0 = a
exp((−t/R)/b) where a = 0.73 ± 0.03 and b = 0.39 ± 0.02 (R2 = 0.987).
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Jin et al. proposed the introduction of a polymer gap between the IO-core and Aushell to promote a red shift of the LSPR spectra into the NIR region.3 We have therefore
examined the effects of the addition of a thin (3 nm), nonabsorbing polymer layer on the
LSPR spectra of IO-Au NPs. We have assigned the polymer layer a real refractive index
of 1.55 with no imaginary component. Figure 2.8A compares the spectra of IO-Au NPs
without polymer layers with the spectra of IO-Au NPs containing 3 nm polymer gaps but
maintaining equivalent Au-shell thicknesses and overall particle diameters (i.e., the IOcore diameter was decreased to accommodate the polymer layer). In this scenario, the
addition of a polymer layer results in a blue shift of the LSPR peak and a simultaneous
increase in the LSPR peak intensity. Because the polymer layer does not have a complex
refractive index, the presence of a polymer gap reduces the damping of the cavity
plasmon by the IO-core, hence restoring the intensity of the LSPR peak. The blue shift of
the LSPR peak can be attributed to the fact that the polymer has a real refractive index of
1.55, which is smaller than that of the IO-core. However, even with the presence of a 3
nm polymer gap, the IO-core still impacts the LSPR spectrum. This can be observed by
comparing the spectrum of an IO-Au NP containing a polymer layer with the spectrum of
an Au-shell NP with a core composed entirely of the polymer. In the latter spectrum, the
peak position is additionally blue-shifted and the intensity is further enhanced. In
contrast, in Figure 2.8B, we have considered the effects of inserting a polymer gap in an
alternative scenario. We have fixed the IO-core diameter and Au-shell thickness and
examined the effects of inserting a 3 nm polymer layer. In this scenario, the insertion of
the polymer layer results in an increase of the total particle size. For the NPs with the
inserted polymer gap, small red shifts and substantial increases in the intensities of the
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LSPR peaks are apparent. These red shifts are primarily due to the net increase of the
core radii (i.e., the core comprises both the IO-core and the polymer layer) upon the
introduction of the polymer layer. This results in a decrease of t/R and a slight red shift of
the LSPR peak. This scenario better mimics a typical experimental setup; hence, the
insertion of a polymer gap works to restore the intensity of the LSPR peak and can
facilitate a red shift into the NIR region. Since IO NPs smaller than ~30 nm exhibit
superparamagnetic properties, it is desirable to use particles with IO cores 30 nm or
smaller to avoid potential magnetic agglomeration. The addition of a polymer layer
between the IO-core and the Au-shell should allow for tuning to longer wavelengths
through a decrease of t/R, without necessitating an increase of the IO-core size or the
fabrication of a very thin Au-shell coating. Direct comparisons of calculated LSPR
spectra to those of synthesized NPs, such as those presented by Jin et al.,3 are often
difficult because of varying degrees of sample heterogeneity. The absorption spectra of
Jin et al. consist of broad peaks extending into the NIR region; the broadness of these
peaks can likely be attributed to the range of Au-shell thicknesses for each NP sample
(~1-2, ~2-3, and ~4-5 nm). Their reported peak maxima of ~900, ~760, and ~660 nm
respectively compare favorably with calculated peak maxima of 925, 785, and 687 nm
assuming 1.5, 2.5, and 4.5 nm Au-shell thicknesses corresponding to the three NP
samples.
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Figure 2.7. (A) LSPR spectra of IO-Au NPs with 15 nm diameter cores and Au-shells
varying from 2.5 to 30 nm. The spectrum of a 50 nm diameter solid Au NP has been
included for comparison. (B) Fractional shifts (Δλ/λ0) of the LSPR peak maximums of the
IO-Au NPs from (A). The data have been fitted to the exponential decay curve from
Figure 6B (R2 = 0.990).
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Figure 2.8. (A) LSPR spectra of 50 nm NPs with 5 nm Au-shells and a 40 nm diameter
IO core, a 40 nm diameter polymer (1.55 + 0i) core, or a 34 nm diameter IO core with a 3
nm polymer layer. (B) LSPR spectra of Au-shell NPs with 30 nm IO cores, varying Aushell thicknesses, with or without 3 nm polymer layers.
2.4 Conclusions
In this study, we have examined the impact of the core dielectric properties on the
LSPR spectra of Au-shell magnetic NPs (summarized in Table 1). We have investigated
the individual effects of the real and imaginary components of core refractive indices on
Au-shell NP LSPR spectra. Results indicate that an increase in the real core refractive
index corresponds to a shift of the coupled plasmon mode peak to longer wavelengths.
The introduction of an imaginary core refractive index component results in a significant
broadening of the LSPR peak and a small blue shift of the LSPR coupled mode. As the
imaginary component is further increased, the LSPR peak corresponding to the coupled
plasmon mode weakens and eventually disappears at larger values; conversely, the
anticoupled mode LSPR peak becomes apparent near 500 nm. Because of the
disappearance of the coupled-mode peak for larger imaginary core refractive index
values, our results have predicted that the LSPR spectra of Co-Au NPs would exhibit a
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single, low intensity peak corresponding to the anticoupled plasmon mode. These weak
optical properties suggest that although Co-Au NPs exhibit strong magnetic properties,
they may not be advantageous for applications that require particles with specific LSPR
activity, such as photothermal therapy.
Table 2.1. Summary of Dielectric Property Effects on the LSPR Spectra of Au-Shell
NPsa

We have further demonstrated that a universal scaling relationship, correlating the
plasmonic peak shift to the Au-shell thickness to core radius ratio, exists for IO-Au NPs
and is comparable to the previously observed universal scaling of Si-Au NPs.36
According to this universal scaling relationship, if the total particle size is fixed, the
LSPR peak for IO-Au NPs will always exhibit a blue shift with an increase of the Aushell thickness. However, in an experimental setting, often only one size of IO-core NPs
is used for Au-shell coating. As a result, it is possible to observe both red and blue shifts
of the LSPR peak as the Au-shell thickness increases upon coating; the direction of the
LSPR shift is dependent on both the total particle size and the Au-shell thickness.
Therefore, the apparent directional change of the LSPR peak shift does not necessarily
correlate with differences in core dielectric properties. Finally, we have investigated the
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impact on the LSPR spectrum of IO-Au NPs of introducing a polymer gap, as in the
synthesis efforts of Jin et al.,17 on the plasmonic spectra of IO-Au NPs. The insertion of a
polymer layer effectively increases the core diameter, resulting in the decrease of t/R and
a red shift of the LSPR peak. Moreover, the polymer layer enhances the intensity of the
LSPR peak by shielding the absorption of the IO-core. This implies that the insertion of a
polymer layer can be an effective method to prepare stronger NIR-absorbing IO-Au NPs
without the synthesis of IO-Au NPs with very thin Au-shells or the use of larger IOcores, which can be disadvantageous because of potential magnetic agglomeration.
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Chapter 3
Dependence of SERS Enhancement on the Chemical Composition and Structure of
Ag/Au Hybrid Nanoparticles
Noble metal nanoparticles (NPs) such as silver (Ag) and gold (Au) have unique
plasmonic properties that give rise to surface enhanced Raman scattering (SERS).
Generally, Ag NPs have much stronger plasmonic properties and, hence, provide stronger
SERS signals than Au NPs. However, Ag NPs lack the chemical stability and
biocompatibility of comparable Au NPs and typically exhibit the most intense plasmonic
resonance at wavelengths much shorter than the optimal spectral region for many
biomedical applications. To overcome these issues, various experimental efforts have
been devoted to the synthesis of Ag/Au hybrid NPs for the purpose of SERS detections.
However, a fundamental understanding on how SERS enhancement depends on the
chemical composition and structure of these nanoparticles is lacking. In this study, Mie
theory and the discrete dipole approximation have been used to calculate plasmonic
spectra and near-field electromagnetic enhancements of Ag/Au hybrid NPs. In particular,
we discuss how the electromagnetic enhancement depends on the mole fraction of Au in
Ag/Au alloy NPs and how one may use extinction spectra to distinguish between Ag/Au
alloyed NPs and Ag-Au core-shell NPs. We also show that for incident laser wavelengths
between ~410nm and 520nm, Ag/Au alloyed NPs provide better electromagnetic
enhancement than pure Ag, pure Au, or Ag-Au core-shell structured NPs. Lastly, we
show that silica-core Ag/Au alloy shelled NPs provide even better performance than pure
Ag/Au alloy, or pure solid Ag and pure solid Au NPs. The theoretical results presented
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are beneficial to experimental efforts in optimizing the design of Ag/Au hybrid NPs for
SERS-based detection methods.
3.1 Introduction
The current landscape of noble metal nanoparticle (NP) research is one of great
diversity, owing to the unique plasmonic properties of silver (Ag) and gold (Au) and their
potential applications in chemical and biomolecular sensing, imaging, and
catalysis.1,23,77,109–112,133–135 Both Ag and Au NPs have been found to greatly enhance the
Raman signals of adsorbed small molecules.49,50,136–139 This surface-enhanced Raman
scattering (SERS) effect has been primarily utilized for the detection of chemical and
biological species in trace amounts. Because SERS provides finger-print spectra, it is less
likely to suffer from background signal interference than other detection methods. When
combined with the signal enhancement provided by noble metal NPs, SERS becomes
advantageous for the detection of these trace species. Although chemical effects account
for a portion of SERS signal enhancement, the primary source of this phenomenon in
metal NPs is generally attributed to electromagnetic enhancement around NPs
surfaces.51,52 Upon irradiation, noble metals exhibit surface plasmon resonance (SPR), a
coherent oscillation of the “free” conduction band electrons at the metal surface. When
the dimensions of the metal are smaller than the wavelength of incident light, the
conduction band electrons oscillate collectively throughout the particle, a phenomenon
known as localized surface plasmon resonance (LSPR).45–48 These plasmon resonances
generate large electric fields (E-fields) at the NP surface that can greatly enhance the
signal intensities of both the incident and scattered photons in Raman spectroscopy.49 In
addition to enhancing the E-fields at the NP surface, the LSPR of noble metal NPs gives
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rise to large absorption coefficients, typically in the visible and near-infrared (NIR)
spectral regions.58 These optical properties are influenced by several physical
characteristics of the system, including NP size, shape, and the dielectric properties of
both the NP and the medium, the effects of which have been the subject of many
studies.58,64,66,113,132,140–142
Ag NPs are known to exhibit more intense plasmonic properties than Au NPs and,
consequently, provide greater SERS enhancements.76 However, the stronger
enhancements by Ag NPs are often observed at shorter wavelengths of incident light than
typically used for many Au NP applications. These wavelengths are often outside the
optimal spectral region for many biomedical applications in which infrared or nearinfrared incident light is preferable. In addition to these spectral differences, Ag NPs also
lack the chemical stability and biocompatibility of Au NPs.77–82 These factors have
limited the use of Ag NPs in biological detection applications. In order to achieve strong
SERS enhancement while maintaining the stability and biocompatibility of Au NPs,
numerous experimental efforts have been devoted to the development of hybrid
nanomaterials that combine the strong plasmonic properties of Ag with the chemical
stability and biocompatibility of Au.83–87,89–94,143 Because Ag and Au have nearly identical
crystal structures, combining the two metals to prepare hybrid particles is fairly
straightforward. Most commonly, Ag and Au are combined by the formation of core-shell
structures,87,93,144,145 or by alloying the two metals.146
The earliest work we have found regarding the preparation of Ag/Au alloyed NPs
was presented by Papavassiliou146 who used an electric arc deposition method to prepare
Ag/Au alloyed NPs of varying Au/Ag mole fraction. Another technique for the synthesis
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of Ag/Au alloyed NPs is the co-reduction of silver nitrate (AgNO3) and chloroauric acid
(HAuCl4) in solution.83 However, the homogeneity of the Ag/Au alloyed NPs prepared
via this method is questionable. Recently, Gao et al.89 have addressed this issue by
annealing NPs at 1000°C within a protective silica shell. The annealing process allows
for atomic diffusion yielding chemically homogenous alloyed NPs. Although much
progress has been made in the synthesis of Ag/Au alloyed NPs, a detailed theoretical
understanding of SERS signal enhancements with respect to Ag/Au molar ratio is not
currently available. Early on, an issue was encountered in that extinction spectra of
spherical Ag/Au alloyed NPs calculated by Mie theory using a molar ratio proportionate
average of the dielectric functions of Ag and Au to represent the dielectric function of an
Ag/Au alloy did not match experimentally measured extinction spectra of the same
alloy.83 The theoretically calculated spectra exhibit two plasmonic peaks, while
experimental spectra show a single peak that red shifts with increasing Au mole fraction.
In contrast, by using an experimentally measured dielectric function for an Ag/Au alloy
thin film, for a given mole ratio, Link et al. were able to obtain calculated extinction
spectrum using Mie theory that provided much better agreement with a corresponding
experimental spectrum.83
It is desirable to calculate and predict the optical properties of Ag/Au alloyed NPs
at any chemical composition prior to synthesis. One earlier study examined the extinction
spectra and near-field enhancement for Ag/Au alloyed NPs,85 however, their calculations
relied on composition-weighted averages of the dielectric responses of Ag and Au to
represent Ag/Au alloys. Hence, these results were not reliable. Recently, Rioux et al.,106
proposed an analytic model for the dielectric functions of Ag/Au alloys. Their analytic
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model effectively fits experimentally determined dielectric functions of Ag/Au alloy, Ag,
and Au thin films and, can accurately represent any alloy composition. They showed that
calculated extinction spectra of spherical Ag/Au alloyed NPs using their fitted empirical
dielectric functions of the alloy compare very well with the experimental measured
extinction spectra. However, these authors did not calculate the near-field
electromagnetic enhancement, which is related to SERS enhancement of such spherical
Ag/Au alloyed NPs. We have made use of the progress of Rioux et al., and have
theoretically investigated the near-field electromagnetic enhancement of Ag/Au alloyed
NPs as a function of chemical composition. Additionally, we have compared the nearfield enhancement effects of Ag/Au alloyed NPs with Ag-Au core-shell structured NPs of
the same sizes and the same chemical composition and discuss how these two structures
compare in terms of expected SERS enhancement.
3.2 Theoretical Methods
3.2.1 SERS Enhancement
The SERS enhancement expected from a NP is related to near-field
electromagnetic enhancement R(ω), 𝑅 𝜔 = 𝑬

*

𝑬6

*

where the E is electric field

near the surface of the NPs, E0 is the electric field amplitude of the incident light, and ω
is the frequency of light. A common approximation for SERS enhancement factor is
given by SERS EF= R(ωi)R(ωs), where ωi is the frequency of incident light and ωs is the
frequency of scattered light.76 For Raman detection, frequency differences between ωs
and ωi is typically small, hence one may further assume SERS EF = R(ωi)2. In the current
study, we focus on the dependence of R(ω) on chemical composition and structure of
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Ag/Au hybrid NPs. We employed two approaches, Mie theory and Discrete Dipole
Approximation (DDA) to calculate R(ω).
3.2.2 Mie Theory
Calculations of light scattering and absorption by spherical core-shell and alloyed
Ag/Au hybrid NPs can be done through the Lorentz-Mie theory which provides an exact
analytical solution to the Maxwell equations.47,98,99,117–120,141 We have used the recursive
algorithm developed by Wu and Wang,99 and implemented the calculations according to
Mie theory in Mathematica® 9. The extinction efficiency, Qext, is calculated according to
Equation (3.1),
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where R is the particle radius, Nm and Np are the complex refractive indices of the
medium and particle respectively, and an and bn are the Mie scattering coefficients
obtained through the extended Mie theory solution for a multi-layered particle.
The surface-averaged near-field enhancement factor (EF), 𝑅 𝜔 = 𝑬
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where ℎ3* (𝑥) is the spherical Hankel function of the second kind.
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3.2.3 Discrete Dipole Approximation
Discrete Dipole Approximation (DDA) is a well-known approximation method to
solve Maxwell’s equations for targets of arbitrary geometries for which exact solutions
are not available. We used the DDSCAT 7.3 implementation of DDA. The DDA method
has been widely used and is discussed in detail elsewhere.101,102,104,105,147,148 In brief, the
particle is represented by N point dipoles with material-specific polarizabilities αj at
locations rj on a cubic lattice according to a specified geometry. The polarization (Pj) of
each dipole at its location rj is given by equation (3.3),
𝑷` = 𝛼` ∙ 𝑬`

(3.3)

where Ej, the electric field at point rj, is a summation of the electric fields generated by
all other dipoles, Eother,j (3.4.2), plus the incident electric field, Einc,j (3.4.1) where E0 is the
amplitude and k is the wave vector of the incident light.
𝑬234,` = 𝑬6 𝑒𝑥𝑝 𝑖𝒌 ∙ 𝒓` − 𝑖𝜔𝑡
𝑬9Ta<,,` = −

`nO 𝑨`O

(3.4.1)

∙ 𝑷O

(3.4.2)

The contribution of the electric field at point j, by the dipole at point k, is found
by summing over the term −𝑨`O 𝑃O . The term Ajk is a 3x3 matrix given by equation
(3.5.1).
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Once the polarizabilities (αj) are assigned, the resultant set of 3N linear equations can be
solved through an iterative method to yield the electric field at each point dipole as well
as the polarizations (Pj). The extinction and absorption cross sections of the target can be
subsequently determined from optical theory. The electric fields, |Ej|/|E0|, were obtained
for all dipole locations within the particle volume and in an extended volume surrounding
the particle and plotted with Mayavi. A sufficient number of dipoles (N = 106 ~ 107) were
used such that the calculated DDA spectra have sufficient agreement with those
calculated by extended Mie theory.
3.3 Results and Discussion
3.3.1 Ag/Au alloyed nanoparticles
We first used the analytic model of dielectric function proposed by Rioux et al to
calculate the extinction spectra of Ag/Au alloyed NPs with dimensions and molar
compositions corresponding to those of NPs synthesized by Gao et al.,89 which exhibited
excellent chemical homogeneity and of high quality. Details of how these particles were
prepared and characterized can be found in the original reference.89 Figure 3.1 compares
our calculated extinction spectra with the experimentally reported spectra. For clarity, all
spectra have been normalized by the peak intensity. The overall agreement between the
calculated and experimental spectra is very good, especially in regard to peak position.
Size corrections to the thin film dielectric functions of Rioux et al. resulted in only minor
changes to the refractive index values and, thus, are not included in our calculations.
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Figure 3.1. Comparison of the calculated extinction spectra (solid lines) with
experimental spectra of Gao et al. (dashed lines) for 20 nm Ag/Au alloyed NPs; the
theoretical curves are calculated with Mie theory using the dielectric function data of
Rioux et al.
We have further used the Ag/Au alloy dielectric functions of Rioux et al. to
calculate both the extinction spectra and wavelength dependent E-field EFs, R(ω), for
Ag/Au alloyed NPs with Au mole fractions ranging from 0.0 to 1.0. Figure 3.2 presents
these data to illustrate the effects of chemical composition on the extinction spectra and
E-field enhancement.
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Figure 3.2. (a) Normalized and (b) non-normalized extinction spectra, (c) normalized
and (d) non-normalized wavelength dependent E-field EFs, R(ω), (e) λmax for R(ω) (red,
primary y-axis) vs Au mole fraction and LSPR λmax (blue, secondary y-axis) vs Au mole
fraction, and (f) max R(ω) (red, primary y-axis) vs Au mole fraction and max extinction
efficiency (blue, secondary y-axis) vs Au mole fraction for 20 nm Ag/Au alloyed NPs
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As observed by others,83,89 in the extinction spectra of Ag/Au alloyed NPs, the
LSPR λmax shifts almost linearly with increasing Au mole fraction, as shown in the
normalized extinction spectra of 20 nm diameter Ag/Au alloyed NPs (Figure 3.2a). A
similar plot of the normalized E-field EFs, as a function of wavelength, reveals a similar
shift of λmax of R(ω) (Figure 3.2c). Figure 3.2e compares these two trends by plotting R(

ω) λmax and LSPR λmax as a function of Au mole fraction. When compared with the
LSPR λmax, the R(ω) λmax is red-shifted, generally to a greater degree for larger Au mole
fractions. The maximum extinction efficiencies and maximum R(ω) values both
demonstrate an exponential decrease in magnitude with increasing Au mole fraction
(Figure 3.2f) up to mole fraction about 0.8. Further increase in Au mole fraction results a
slight increase in both the maximum R(ω) value and the extinction efficiency. This can
be seen in the plots of the non-normalized extinction spectra and the E-field EF R(ω)
spectra shown in Figures 3.2b and 3.2d.
The SERS enhancement is largely determined by R(ω). From Figure 3.2d, one can
observe that pure Ag NPs have the largest R(ω) enhancement at λ=410nm, near the
plasmonic peak of pure silver NPs. Away from that wavelength, there is still
enhancement, although not as strong as at λ=410nm. Adding Au to make Ag/Au alloy
NPs decreases the peak intensity significantly, but the enhancement at other wavelengths
does not diminish significantly. To better illustrate the effects of chemical composition
on this wavelength dependent SERS enhancements, we have plotted R(ω) as a function
of Au mole fraction for three incident wavelengths (450nm, 500nm and 550nm) (Figure
3.3). These three wavelengths were chosen to demonstrate the E-field enhancement

48

dependence on chemical composition. The E-field EF R(ω) has, in general, three types of
wavelength-dependence on chemical compositions. For incident wavelengths of
λ~410nm or shorter, R(ω) decreases with increasing Au mole fraction (data not shown).
For incident wavelengths between ~410nm and ~520nm, R(ω) is greatest for a chemical
composition in between pure Ag and pure Au, as seen for λ=450nm and λ=500nm in
Figure 3.3. This suggests that, for incident wavelengths in this range, Ag/Au alloyed NPs
with an optimum chemical composition would have larger E-field EFs and, therefore,
outperform both pure Ag and pure Au NPs. For wavelengths longer than ~520nm, the Efield enhancement increases with increasing Au mole fraction as seen for λ = 550nm. For
NIR incident light (λ > ~700 nm), R(ω) is generally constant across all alloy
compositions since spherical alloyed NPs do not provide large E-field enhancements in
NIR region. One must rely on other nanostructures, such as ellipsoids or core-shell
structures to produce sufficient enhancement in the NIR region. We further note that,
because the SERS EF is dependent on both R(ωi) and R(ωs), the maximum SERS
enhancement as a function chemical composition may differ from when only R(ωi) or R(

ωs) is considered. Figure 3.3b, for example, shows the peak shift in the calculated SERS
EFs of Ag/Au alloyed NPs assuming SERS EF=R(ωi)2, SERS EF=R(ωs)2 or SERS
EF=R(ωi)R(ωs).
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Figure 3.3. (a) E-field EF, R(ω), at three representative wavelengths (450 nm, 500 nm
and 550nm) as a function of Au mole fraction for 20 nm Au/Ag alloyed NPs (b) SERS
EF at an incident wavelength in the visible region (R(ω)2 at 488 nm, red), a wavelength
corresponding to a 1,037 cm-1 Stokes shift (R(ω)2 at 514nm, green), and the SERS
EF=R(ωi)R(ωs) (blue)
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3.3.2. Ag-Au core-shell structured NPs
Ag-Au core-shell structured NPs are also of great interest for SERS detections.
An outer Au shell provides chemical and biological stability to the more strongly
plasmonic Ag core. The plasmonic properties of Ag-Au core-shell structured NPs can be
tuned by tuning the shell thickness with respect to the core radius. Figure 3.4 presents the
extinction spectra for Ag-Au core-shell structured NPs with a fixed size of Ag core and
varied Au shell thickness. The extinction spectra of Ag-Au core-shell NPs are very
different from those of Ag/Au alloyed NPs. While the spectra of Ag/Au alloyed NPs
consist of single peaks that red shift with increasing Au mole fraction (see Figure 3.2),
the core-shell structured NPs spectra exhibit two plasmonic peaks corresponding to two
LSPR modes. The first mode, from left to right, is higher in energy with a peak near the
LSPR peak of a pure Ag NP, and the second mode is lower in energy with a peak near
that of a pure Au NP. As the Au shell thickness increases, the intensity of the first peak
decreases and broadens until it is no longer distinguishable. Conversely, the peak
corresponding to the second, lower energy mode, increases in intensity and red shifts
slightly with increasing Au shell thickness. A previous study by Bruzzone et al also used
Mie theory and compared the far field (Qext) and near field spectra of Ag-Au core shell
particles to the spectra of Ag/Au alloyed NPs of corresponding sizes. In their study, they
used a linear combination of the refractive indices of Ag and Au to approximate the
refractive indices of the alloys.85 From their results, they inferred that the plasmon
resonances Ag-Au core-shell NPs and corresponding Ag/Au alloyed NPs were very
close. Based on reported experimental spectra and our calculations, their conclusion is
clearly invalid.106 In fact, the differences in the extinction spectra of Ag/Au alloyed NPs
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and Ag-Au core-shell NPs are such that one could use the extinction spectra to determine
if synthesized NPs are core-shell structures or alloyed NPs. The core-shell structured NPs
will most likely have broad extinction spectra containing two plasmonic peaks. The
spectra of alloyed NPs will have only a single, narrow plasmonic peak. Additionally, we
note that the extinction spectra of Ag-Au core-shell structured NPs differ greatly from the
spectra of silica-Au core-shell structured NPs.58 For NPs consisting of a silica core and a
thin Au shell, the plasmonic peak is red shifted significantly relative to that of solid Au
NPs. For Ag-Au core-shell NPs, however, the plasmonic peaks are between those of pure
Ag and pure Au NPs. This difference is due to the strong plasmonic properties of the Ag
core in contrast to a silica core, as discussed recently in our paper.141 The dielectric
function of Ag has a large imaginary component that dampens the plasmonic properties
of the NP compared with a silica core NP.

Figure 3.4. Calculated extinction spectra of Ag-Au core-shell NPs with Au shell
thicknesses ranging from 2.5 nm to 10 nm and a 30nm Ag core
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As alluded to previously, the E-field enhancement, R(ω), spectra differ from the
far-field extinction efficiency spectra for alloyed NPs. The maximum R(ω) value is redshifted compared with the peak maximum of the extinction spectrum (see Figure 3.2e) for
an Ag/Au alloyed NP. This difference is also significant in the case of a core-shell
structured NP. Figure 3.5a plots the extinction spectrum and R(ω) for an Ag-Au coreshell NP together for comparison. According to the hybridization model proposed by
Prodan et al., the surface plasmons formed at the two dielectric interfaces present in a
core-shell structured NP can hybridize to form a higher energy, asymmetrically coupled
mode and a lower energy symmetrically coupled mode 66. For this Ag-Au NP, the
asymmetrically coupled mode (~420 nm, left) absorbs light more strongly than the
symmetrically couple mode (~520 nm, right). However, symmetric coupling of the two
surface plasmons results in greater E-field enhancement at the NP surface. Plots of the
local E-fields in and around the NP (Figure 3.5b), calculated using the DDA method,
illustrate these two modes. From Figure 3.5, it is evident that the calculation of the farfield extinction spectrum alone does not always provide an accurate estimation of a NP’s
E-field enhancement. To accurately determine a NP’s relative SERS properties,
calculation of the E -field EF R(ω) spectrum is necessary.
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Figure 3.5. (a) Extinction efficiency (primary y-axis) and R(ωi) (secondary y-axis) for a
Ag-Au core-shell NP with a 30 nm Ag-core and a 5 nm Au-shell (b) E-field maps at 420
nm (left) and 520 nm (right)
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According to Gao et al., core-shell structured NPs can be converted to alloyed
NPs by annealing the particles at high temperature.89 Therefore, it would be of interest to
compare the E-field Efs of Ag-Au core-shell structured NPs with those of similarly sized
Ag/Au alloyed NPs of the same chemical composition. For this comparison, the Au mole
fractions of Ag-Au core-shell structured NPs were calculated by assuming bulk densities
of Ag and Au in the core and shell respectively. Figure 3.6 presents the E-field EFs of
both core-shell structured NPs and the corresponding alloyed NPs. The comparison
reveals several interesting feature about the SERS enhancement expected from core-shell
structured NPs versus alloyed NPs. We see that for laser excitation between 420nm and
500nm, Ag/Au alloyed NPs have stronger E-field enhancements than the corresponding
core-shell structured NPs. The E-field EFs, R(ω), for the alloy NP with an Au mole
fraction of 0.27 has a larger maximum EF than the corresponding core-shell structured
NP. Within this same laser excitation window, Ag/Au alloyed NPs offer better SERS
enhancements than pure Ag or pure Au NPs (see Figure 3.3a). This indicates that, for
incident laser wavelengths between ~420nm and ~500nm, Ag/Au alloyed NPs would
provide better SERS enhancements than core-shell structured NPs, pure Ag, or pure Au
NPs. However, for laser excitation wavelengths above 500nm, the Ag-Au core-shell
structured NPs provide better SERS enhancements than the corresponding alloy NPs.
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Figure 3.6. Wavelength-dependent E-field EFs of Ag-Au core-shell NPs with Au shell
thicknesses ranging from 2.5 nm to 10nm with Ag cores (dashed) and corresponding
Ag/Au alloyed NPs (solid). The total size of NP is fixed at 50nm while the shell thickness
is varied.
3.3.3 Silica-Ag/Au alloy core-shell structured NPs
The plasmonic peaks of NPs with silica-cores and thin Au shells are red-shifted
relative to solid Au NPs with the extent of the red shift determined by the shell thickness
with respect to the core size.58 The thinner the Au shell, the larger the red-shift. This
property has been utilized by Halas group for nanoshell based photothermal therapy.114
Because the Ag/Au alloy NPs have LSPR peaks that shift from the LSPR peak of a pure
Ag NP to that of pure Au NP with increasing Au mole fraction, an Ag/Au alloy shell
deposited on a silica core can allow for the tuning of the NPs LSPR peaks by adjusting
both the Au mole fraction and the alloy shell thickness. Figure 3.7 presents the E-field
EFs, R(ω), of silica-Ag/Au alloy core-shell NPs with 30nm silica cores and 10nm Ag/Au
alloy shells. The E-field EFs of solid (no silica core) Ag NPs and solid Au NPs of the
same size are included for comparison. We see that the R(ω) for alloy shell NPs are redshifted relative to those of the solid Ag NPs and solid Au NPs. The maximum
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enhancement factors of the alloy shell NPs are larger than for both the solid Au NPs and
solid Ag NPs. Hence, we believe this Ag/Au hybrid NP design may be of great interest
for future SERS detection methods.

Figure 3.7. Wavelength-dependent E-field Efs, R(ω), of silica core-Ag/Au alloy shell
NPs with gold mole fractions (GMF) varied from 0.0 to 1.0 (solid lines) with those of
pure Ag NPs and pure Au NPs (two dashed lines). The total NP size is fixed at 50nm. For
the core-shell structured NPs, the silica core is 30nm and the Ag/Au alloy shell thickness
is 10nm.
3.4 Conclusions
In this study, we have calculated both the extinction and E-field EF R(ω) spectra
of Ag/Au hybrid NPs in order to develop a better understanding of the SERS
enhancement properties of Ag/Au hybrid NPs. We have shown that the extinction spectra
of Ag/Au alloyed NPs calculated using Mie theory and the dielectric functions of Rioux
et al.106 correlate well with reported experimental spectra. The extinction spectra of
Ag/Au alloy NPs exhibit a single plasmonic peak that red shifts as the Au mole fraction
increases, a trend that is in agreement with past observations.83 The E-field EF spectra
have a similar dependence on chemical composition but, the maxima of these spectra are
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red-shifted relative to the maxima of the extinction spectra. We have further shown that,
for incident wavelengths between ~420nm and ~520nm, Ag/Au alloyed NPs provide
stronger SERS enhancements than pure Ag or pure Au NPs. Additionally, within this
range of incident laser wavelengths, the SERS enhancements of Ag/Au alloyed NPs are
stronger than those of corresponding Ag-Au core-shell structured NPs. However, for
incident laser wavelength above 500nm, Ag-Au core-shell structured NPs will provide
better enhancement than Ag/Au alloyed NPs. Lastly, we have shown that silica-Ag/Au
alloy core-shell structured NPs have larger E-field EFs than pure Ag/Au alloy NPs, pure
Ag NPs, and pure Au NPs. Hence, silica-Ag/Au alloy core-shell NPs may be of great
interest to pursue experimentally.
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Chapter 4
Size- and Shape-Controlled Synthesis and Properties of Magnetic-Plasmonic CoreShell Nanoparticles
Magnetic-plasmonic core-shell nanomaterials offer a wide range of applications
across science, engineering and biomedical disciplines. However, the ability to synthesize
and understand magnetic-plasmonic core-shell nanoparticles with tunable sizes and
shapes remains very limited. This work reports experimental and computational studies
on the synthesis and properties of iron oxide-gold core-shell nanoparticles of three
different shapes (sphere, popcorn and star) with controllable sizes (70 to 250 nm). The
nanoparticles were synthesized via a seed-mediated growth method in which newly
formed gold atoms were added onto gold-seeded iron oxide octahedrons to form gold
shell. The evolution of the shell into different shapes was found to occur after the
coalescence of gold seeds, which was achieved by controlling the amount of additive
(silver nitrate) and reducing agent (ascorbic acid) in the growth solution. Both discrete
dipole approximation calculation and experimental results showed that the nanopopcorns
and nanostars exhibited red-shifted plasmon resonance compared with the nanospheres,
with the nanostars giving multispectral feature. The NP’s synthesis and characterization
were done by Elyahb Allie Kwizera and others.
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4.1 Introduction
Due to the combined magnetic and optical properties of their core and shell
materials, magnetic-plasmonic core-shell nanoparticles (NPs) are useful in many areas
including optical imaging,3,8,9 magnetic resonance imaging,8–14 biological separation,15–
22,112

molecular/cellular detection,19–22,24,25,112 and cancer treatment,9,12–14,17,26–28 superior

to solid magnetic and solid plasmonic NPs. For the existing magnetic-optical core-shell
nanostructures, the core commonly consists of iron (Fe) or iron oxide (IO, Fe3O4 or γFe2O3) and the shell is typically gold (Au) or silver (Ag). IO-Au core-shell NPs are
particularly appealing because they have combined magnetic and optical properties of IO
and Au NPs that can be individually tuned by changing the particle’s size and shape,58,149
In addition, the Au shell is inert and allows for facile surface modification.
During the past decade, a great deal of effort has been made on the synthesis of
IO-Au core-shell NPs in the spherical shape.38,150 The synthetic methods can be organized
into two major categories: (1) the reduction of an Au precursor in the presence of IO NPs
with or without surface modifications3–7 and (2) the reduction of an Au precursor in the
presence of Au-seeded IO NPs.37,39,43,65 The second method is well received because the
Au seed serves as the nucleation site to facilitate the growth of Au shell. However,
current methods using Au-seeded IO NPs often use a multistep deposition of Au atoms in
order to form a uniform Au shell. Generally, the IO-Au nanospheres (NSPs) exhibit
localized surface plasmon resonance (LSPR) in the visible region, but large particles (>
150 nm) 39,43,65 or particles with a gap between the core and shell3 show LSPR in the near
infrared (NIR) region.
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Anisotropic NPs offer greatly enhanced optical properties as compared with
spherical counterparts due to their high curvature structure. For example, the peak E-field
enhancement factor (|E2|/|E02|) of an Ag nanoprism is about 10 times higher than that of
an Ag NSP.151 This may lead to as much as 100 times stronger surface enhanced Raman
scattering (SERS) signals for the nanoprisms as compared with the NSPs. Due to their
strong SERS activities, Au-based NPs in popcorn and star shapes have been well used for
SERS-based biomedical detections.53–57 Anisotropic NPs could also offer new functions
such as dynamic optical imaging because their optical properties are sensitive to the
polarization of the light.40 Additionally, anisotropic NPs allow for greater optical
tunability than spherical ones. For example, the LSPR wavelength of Au nanorods (NRs)
can be tuned from 620 to 960 nm by increasing the particle’s aspect ratio from 2.4 to
5.7.67 In contrast, the LSPR wavelength of Au NSPs can only shift from 520 to 570 nm
when the size is increased from 9 to 99 nm.152
Despite the compelling anisotropy-associated properties and functions, the ability
to synthesize and understand anisotropic IO-Au core-shell NPs remains very limited. In
2006, the Halas group synthesized IO-Au core-shell nanorices via a seed-mediated
growth method.42 The use of large rice-shaped IO NPs (longitudinal diameter over 300
nm) resulted in Au-coated IO NPs of the same shape. Later, the Wei group reported the
synthesis of star-shaped IO-Au core-shell NPs.40,153 In their method, IO-Au core-shell
NSPs (9-16 nm) were firstly prepared in organic phase at high temperature by the
reduction of Au3+ in the presence of small IO NPs (8-13 nm). These IO-Au core-shell
NSPs were then used as seeds to form IO-Au core-shell NPs in a star shape. In our recent
studies, we synthesized IO-Au core-shell NPs in pin34 and oval shapes112 using Ag-seeded
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IO nanospheres as the seeds. Although these anisotropic NPs are compact in size (less
than 100 nm), they are polydisperse and often contaminated with large portion of spheres.
Here we report the facile synthesis of monodisperse IO-Au core-shell NPs of
three different shapes: sphere, popcorn and star through a fine control of the
thermodynamic and kinetic parameters of the seed-mediated growth method. We also
demonstrate the tunability of the Au shell thickness for each shape, producing anisotropic
NPs less than 100 nm. By combining experimental and computational approaches, we
have gained a deeper understanding of the mechanism for the shape-controlled synthesis
as well as the structure-property relationship of the resultant NPs. Not only have our
studies made much progress in manipulating and understanding the magnetic-plasmonic
core-shell nanosystem, but also provided a panel of high quality bifunctional
nanostructures for biomedical detection and treatment.
4.2 Experimental and Theoretical Methods
4.2.1 Materials
All chemicals were purchased from Sigma-Aldrich unless specified.
4.2.2. Synthesis of IO NPs
Octahedral IO NPs were synthesized according to the method of Goon et al.154
with modifications. In a typical procedure, 175 mg of iron sulfate (FeSO4), 2.5 mL of 2.0
M potassium nitrate (KNO3), 2.5 mL of 1.0 M sodium hydroxide (NaOH), and 5 mL of 8
mg/mL polyethyleneimine (PEI, branched, MW ~ 25,000) were added to 20 mL of
nitrogen purged ultrapure water. Under the oxygen-free environment, the mixture was
heated to 90oC under vigorous stirring, with continued heating at this degree for 2 hr.
During the heating process, the solution changed color from blue to black, indicating the
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formation of IO NPs. The NPs were purified by magnetic separation for 5 cycles and then
redispersed in 20 mL of ultrapure water for further use.
4.2.3 Synthesis of Au-seeded IO NPs.
Similar to the method by Goon et al,154 we attached Au seeds to IO NPs to
facilitate the growth of Au shell. Firstly, small Au NPs were synthesized by reduction of
chloroauric acid (HAuCl4, 25 mM) with sodium borohydride (0.2 M) in the presence of
sodium citrate (0.85 mM). Then, they were attached to PEI-stabilized IO NPs via
electrostatic interactions (Scheme 5.1, Step 1). In a typical procedure, 55 µL of 0.32 mg
(Fe) PEI-stabilized IO NPs were added to 5 mL of as-prepared Au NPs and stirred for 45
min. After purification by three cycles of magnetic separation and washing, the solution
was redispersed in 2.5 mL of 15 mg/mL PEI aqueous solution and heated at 60oC for 3 hr.
After purifications by three cycles of magnetic separation and washing, the Au-seeded IO
NPs were redispersed in 1 mL of ultrapure water for further use.
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Scheme 4.1. Synthesis of IO-Au core-shell NPs in different shapes. Au-seeded IO NPs
were prepared by electrostatic adsorption of small Au NPs onto PEI-stabilized IO NPs,
followed by further stabilization with PEI. The growth of IO-Au core-shell NPs were
initiated by injecting Au-seeded IO NPs into a growth solution containing chloroauric
acid (HAuCl4), silver nitrate (AgNO3), cetyltrimethylammonium bromide (CTAB) and
ascorbic acid (AA).
Step 1: Preparation of Au-seeded IO NPs

Step 2: Formation of IO-Au core-shell NPs in different shapes
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4.2.4 Synthesis of IO-Au Core-shell Nanospheres (NSPs), Nanopopcorns (NPCs),
and Nanostars (NSTs)
(Scheme 4.1, Step 2). To make IO-Au core-shell NSPs, an Au growth solution
was prepared by adding 200 µL of 10 mM HAuCl4 into a 5 mL of 0.1 M
cetyltrimethylammonium bromide (CTAB) aqueous solution. After mixing for 5 min, 32
µL of 100 mM ascorbic acid (AA) was added to reduce HAuCl4 to HAuCl2. Then, Auseeded IO NPs with different amount from 100 to 800 µL was injected. The solution was
stirred for 10 s followed by incubation for 2 hr to allow complete growth of IO-Au coreshell NPs. To make NPCs, the same procedure was used except 30 µL of 10 mM silver
nitrate (AgNO3) and 90 µL of 100 mM AA were added into the growth solution. To make
NSTs, the amount of AgNO3 was the same as the NPCs, but the amount of AA was
decreased to 32 µL, the same to NSPs.
4.2.5 Characterizations.
All the as-prepared NPs were subjected to purification by magnetic separation
before characterizations. The absorption spectra of all the NPs were collected using a
VIS-NIR absorption spectrometer (Ocean Optics, Dunedin, FL). The size and
morphology of the NPs were examined with a JEM1200EX II transmission electron
microscope (TEM) (JEOL Ltd, Tokyo, Japan). Hydrodynamic size (HD) and zeta
potential (ξ) were determined by dynamic light scattering (DLS) with a Particle Size
Analyzer (Brookhaven Instruments Corp, NY, USA). High resolution TEM (HRTEM)
images were taken on an FEI Titan HRTEM (FEI, Hillsboro, Oregon).
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4.2.6. Discrete Dipole Approximation (DDA) Calculation.
The IO-Au NSP, NPC, and NST extinction spectra were calculated using the
widely-used DDA method as implemented by the DDSCAT 7.3 software.101,147 The Au
shells and IO (Fe3O4) cores were modeled using complex dielectric response functions of
Johnson and Christy 121 and Goossens et al.,123 respectively. We developed a Fortran 90
code for the generation of the particle representations as material-specific point dipoles
on a cubic lattice for the subsequent DDA calculations. The IO cores are represented as
regular octahedrons with a specified edge length within an Au sphere of a specified
diameter. Au conical tips are added to the surface of the spheres with additional dipoles
added such that there are no gaps between the conical tips and the sphere surface. A
sufficient number of dipoles (>106) were used in all calculations to achieve sufficient
convergence of the calculated spectra.
4.3 Results and Discussion
4.3.1. Synthesis and Properties of IO NPs.
To make IO NPs, ferrous hydroxide (Fe(OH)2) was firstly formed by precipitation
of FeSO4 in a basic solution and then oxidized to Fe3O4 with KNO3 at 90oC in the
presence of branched PEI in an oxygen-free environment. This method leads to aqueous
soluble IO NPs with positive charges that allows for subsequent adsorption of negatively
charged Au seeds. The DLS measurement showed a zeta potential around +34 mV,
indicating the stabilization of the IO NPs by the positively charged PEI. TEM and SEM
images showed that the IO particles had an octahedral shape, with average edge lengths
of 35 nm (from ~ 100 NPs) (Figure 4.1A-C). The particles were well dispersed in water,
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giving an average HD of 52 nm (Figure 4.1D). HRTEM imaging revealed that the NPs
were single crystals (Figure 4.1E). X-Ray diffraction analysis showed that they were
composed of Fe3O4 (Figure 4.1F).
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Figure 4.1. Structural and magnetic characterizations of IO NPs. (A, B & C) TEM
images, (D) DLS plot, (E) HRTEM image, (F) Powder XRD pattern, Image in (A) was
taken on a JEM-1200 TEM microscope. Images in (B), (C) and (E) were taken on a FEI
Titan HRTEM.
4.3.2. Synthesis and Characterization of Au-seeded IO NPs.
In order to form Au shell on the IO NPs, small Au NPs (< 10 nm) capped with
citrate were adsorbed to the PEI-stabilized IO NPs to serve as the nucleation sites (see
Scheme 4.1, Figure 4.2A). The negatively charged Au seed bound to the positively
charged IO NPs via electrostatic interactions. Goon et al have shown that the amount of
PEI on IO NPs is an important factor in determining the surface density of Au seed, with
an increased amount of PEI leading to increased Au density.154 We found that the
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stabilization of the Au-seeded IO NPs with additional PEI was also crucial to achieve
high density Au seed. Without applying PEI after Au seed adsorption, the IO NPs were
found to have a low surface density of the Au seed (Figure S1). In the presence of 5
mg/mL PEI, the surface density of the Au seed increased slightly. At 15 mg/mL PEI, the
IO NPs were fully coated with Au NPs. A further increase of the PEI concentration
resulted in a decrease in the Au seed density. These results demonstrate that sandwiching
the Au seeds between two PEI layers is essential to achieve Au-seeded IO NPs with high
surface density. The Au-seeded IO NPs were averagely 55 nm by TEM and 78 nm by
DLS (Figure 4.2B). They showed a LSPR at 523 nm due to the adsorbed Au seed (Figure
4.2C). HRTEM image showed that the Au seeds are single crystals enclosed by {111}
facets (Figure 4.2D).
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Figure 4.2. Structural and optical characterizations of Au-seeded IO NPs. (A) TEM
image, (B) DLS plot, (C) HRTEM image, and (D) absorption spectra.
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4.3.3. Synthesis of IO-Au Core-Shell NSPs.
IO-Au core-shell NPs of different sizes and shapes were synthesized via a seedmediated growth method. To form spherical particles, the Au-seeded IO NPs were
injected into a growth solution containing HAuCl2 (0.4 mM), CTAB (0.1 M), and AA
(0.64 mM). HAuCl2, CTAB and AA served as the Au precursor, capping agent, and
reducing agent, respectively. HAuCl2 was prepared in advance by the reduction of
HAuCl4 with AA. The reduction of Au+ to Au0 by AA is a surface catalyzed reaction.
Thus, IO-Au core-shell NPs, rather than self-nucleated Au NPs, were preferentially
formed in the presence of Au-seeded IO NPs. The appearance of a pink color indicates
the growth of the Au-seeded IO NPs that completes within 1 h. Compared to the method
by Goon et al,154 this method only need a single step to form uniform Au shell from the
Au-seeded IO NPs, avoiding cumbersome iterative depositions.
By adjusting the volume of the Au-seeded IO NP solution, IO-Au NPs of different
sizes were synthesized. Figure 4.3 shows the TEM images and DLS data for the IO-Au
NSPs prepared by injecting 800, 400, or 100 µL of the Au-seeded IO NP solution into a
5-mL growth solution. The particles were monodisperse, with average diameter (~ 100
NPs) of 77, 110 and 140 nm (Table 4.1). The HDs were 84, 122, and 155 nm, slightly
larger than the sizes determined by TEM due to the coating and hydration layers. The
thickness of Au shell is difficult to estimate because of the anisotropy of the octahedral
IO core. When we considered the size along the diagonal direction of the IO core, we
estimated that the average thickness of the Au shell for the three sizes of particles to be
14, 30 and 45 nm, respectively. Free IO NPs were not found in any samples, indicating
complete conversion of the Au-seeded IO NPs to core-shell particles.
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Figure 4.3. Characterizations of IO-Au core-shell NSPs of different sizes. (A) TEM
images of 77 nm (left), 110 nm (middle), and 140 nm (right) IO-Au core-shell NSPs.
Each size was determined by averaging the diameter from ~100 NPs in a spherical
geometry (see inset illustration) from the TEM images. (B) DLS plots.
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4.3.4 Synthesis of IO-Au Core-Shell NPCs and NSTs.
To synthesize anisotropic NPs, we added a small amount of AgNO3 (60 µM final
concentration) into the growth solution. A further control on the concentration of AA led
to particles with different morphologies. The appearance of a blue color indicates the
growth of the Au-seeded IO NPs that completes within 2 h. By increasing the
concentration of AA by a factor of 2.5 (1.6 mM final concentration), IO-Au NPs with
short and wide protrusions, which we referred to as popcorns, were produced (Figure
4.4A). Because the protrusions were heterogeneous, it was difficult to precisely quantify
the size of the NPs. Thus, we have defined a base size in terms of the inner spherical IOAu core (see illustration in Figure 4.4A inset). By adjusting the volume of Au-seeded IO
NPs, IO-Au NPCs with different base sizes were synthesized. The injection of 800, 400,
and 100 uL of Au-seeded IO NPs led to NPCs with an average base size of 65, 89, and
145 nm, respectively. The protrusions became larger when the particle’s size increased,
up to 65 nm in length and 62 nm in half widths for the 100 uL-sample (Table 4.1). DLS
measurement indicated that these NPs were well dispersed in water, with the average
HDs of 80, 110 and 170 nm for the three sized particles (Figure 4.4B).
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Figure 4.4. Characterizations of IO-Au core-shell NPCs of different sizes. (A) TEM
images of 65 nm (left), 89 nm (middle) and 145 nm (right) IO-Au core-shell NSPs. Each
size was determined by averaging the diameter from ~100 NPs in a spherical geometry
(see inset illustration) from the TEM images. (B) DLS plots.
The IO-Au NSTs were synthesized using the same concentration of AA in the
synthesis of the spheres. Figure 4.5A shows the TEM images of IO-Au NSTs prepared
via the addition of 350, 250 or 100 µL of Au-seeded IO NP solutions. The average base
sizes of these NPs were 70, 100, and 139 nm. Each particle had multiple tips of different
lengths. The tips were markedly longer and thinner than the protrusions of the NPCs. For
the small stars with a base size of 70 nm, the lengths of the tips ranged from 10 to 75 nm
(Table 4.1). The lengths of the tips increased with the base size of the NPs. Tips as long
as 145 nm were observed for the large stars. DLS characterization showed that the 70,
100 and 139nm NSTs had average HD of 105, 160 and 195 nm, respectively (Figure
4.5B).
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Figure 4.5. Characterizations of IO-Au core-shell NSTs of different sizes. (A) TEM
images of 70 nm (left), 100 nm (middle) and 139 nm (right) IO-Au core-shell NSPs. Each
size was determined by averaging the diameter from ~100 NPs in a spherical geometry
(see inset illustration) from the TEM images. (B) DLS plots
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Table 4.1. Characterizations of the size distribution of IO-Au core-shell NPs of different
shapes. Dav: the average diameter (~ 100 NPs) of the IO-Au spherical base core
measured by TEM (see Figure 4.3(A)-4.5(A) the left panel inset for illustration). σ (%):
standard deviation. Dhydro: the average hydrodynamic diameter measured by DLS. Ltip:
the length of the protrusions on the IO-Au spherical core. W1/2tip: the half length of the
protrusions.
TEM size analysis
Dav (nm) σ (%) Ltip (nm)
Spheres 77
5
N/A
110
8
N/A
140
8
N/A
Popcorn 65
5
5–35
89
9
5–55
145
17
15-65
Stars
70
7
10–75
100
10
15–90
139
8
20–145

DLS size analysis
W1/2tip (nm) Dhydro (nm) σ (%)
N/A
84
11
N/A
122
14
N/A
155
19
10–40
80
16
10–50
110
18
15–62
170
21
5–25
105
38
10–30
160
24
20–67
250
30

Absorption property
LSPR (nm)
538
550
575
600
633
665
550, 660, 895
550, 684, 920
550, 715, > 950

By tuning the Au shell thickness, we have made the IO-Au NSTs with an overall size
smaller than 100 nm, which has not been achieved previously. Additionally, the IO cores
in these NSTs have large size, ~ 4 times larger than those in previous studies.153 Particles
with larger IO core offer stronger magnetic properties as the magnetic properties increase
with the particle’s size.155
4.3.5 Mechanisms of the Shape-Controlled Synthesis.
Previous studies on Si-Au core-shell NPs showed that the growth process begins
with the growth of the adsorbed Au seeds into larger seeds followed by coalescence on
the core surface, and finally, the formation of a continuous metallic shell.113 This is
believed to be the general growth process for the seed-mediated method in the
preparation of metal nanoshells. For the formation of star-shaped Au shell, the studies by
Wei and co-authors have implied that Au deposition at twined boundaries with net
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growth in the (111) direction is the dominate growth mechanism.153 To further
understand the mechanism of the shape-controlled synthesis using our system, we
followed the growth process of the core-shell NSPs, NPCs and NSTs with TEM imaging
(Figure 4.6). We found that the NSPs grew at a much faster rate than either the NPCs or
NSTs. At 5 min, the Au seeds already entered the coalescence step while no visible
changes were observed for NPCs and NSTs. At 20 min, a continuous Au shell has formed
for the NSPs while the NPCs and NSTs were still in the coalescence step. After 20 min,
the NSPs continued to grow into larger particles and the NPCs and NSTs showed similar
growth rates. The differences in the morphology of the particles were found at 30 min
after seed injection. While the Au surface of the NPCs has become rough with short and
wide protrusions, thin spikes have developed on the NSTs. This step occurred following
the coalescence of the Au seeds. These spikes grew to form the sharp tip of the NSTs
during subsequent growth. In the HRTEM images we found the typical (111) planes for
Au on NSPs, the protrusions on NPCs and the tips on NSTs. A twin boundary was
observed in the tip of NSTs, which was marked by the yellow line in the lower right
image of Figure 4.6.
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Figure 4.6. Monitoring the growth process of IO-Au core-shell NPs in different shapes
by TEM imaging at different time after the injection of Au-seeded IO NPs into the growth
solution. The yellow line in the HRTEM image for the star shows twinned defect. The
same image in the top row is used for all shapes to indicate that the same sample of Auseeded IO NPs was used during the synthesis.
77

4.3.6 Optical Properties of IO-Au Core-shell NSPs, NPCs and NSTs.
The IO-Au NSPs exhibited LSPR bands in the visible region from 530 to 600 nm
depending on the size of the particles (Figure 4.7A). Increasing the size from 77 to 140
nm by increasing Au shell thickness led to a red shift of the LSPR from 538 to 575 nm. In
our previous computational study using extended Mie theory, we found a blue shift of the
LSPR when the thickness of Au shell was increased from 2 to 17.5 nm, but a red shift
with further increase of Au shell thickness on a 15 nm diameter IO core.141 In this study,
the shell thicknesses were more than 14 nm and, thus, it was not surprising that we
observed red shifted LSPR for particles with increased Au shell thicknesses. The
absorption coefficients of these NPs have yet to be determined. However, it is worthy to
note that the absorption spectra were obtained from the as-prepared particle solutions.
Thus, the particle concentration depends on the amount of Au-seeded NPs injected into
the growth solution. Assuming that all the Au-seeded NPs were converted to core-shell
particles, we estimated from the measured LSPR intensities that the absorption
coefficients of the 110 and 140 nm IO-Au NSPs are 2.5 and 9 times higher than that of
the 77 nm IO-Au NSPs due to the increase on the size of the particles.
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Figure 4.7. Absorption spectra of IO-Au core-shell NSPs (A), NPCs (B) and NSTs (C)
of different sizes. The sizes labeled in the graphs are the base size of the particles that do
not include the protrusions in popcorns and tips in the stars.
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The measured UV-Vis spectra of the NPCs are shown in Figure 4.7B. The
spectrum shows a LSPR peak at 600, 633 and 665 nm for the NPCs with base sizes of 65,
89 and 145 nm, respectively. Note that the overall sizes of the particles are slightly larger
due to the protrusions on the surface of Au. Similar to the NSPs, an increase in the Au
shell thickness led to red shifted LSPR bands. Compared to the NSPs of similar size, the
LSPR peaks of the NPCs were shifted to longer wavelengths and the bands were
broadened, owing to the anisotropic Au shell of the NPCs. Different from the NSPs and
NPCs, the NSTs show three distinct peaks around 550 nm (weak), 700 nm (strong) and
over 850 nm (strong) (Figure 4.7C). While the plasmon resonance in the visible region is
insensitive to the particle size, it red shifts for the two peaks in the NIR region when the
size is increased. When the base size of the particles was increased from 70 to 100 and
139 nm, the plasmon resonance for the middle peak was shifted from 660 to 684 and 715
nm.
The plasmon resonance for the red-most peak was shifted to 920 nm and to a
position over 950 nm that is out of the detection range of our spectrometer. It is also
realized that the NSTs exhibit most red-shifted plasmon resonance compared to the NSPs
and NPCs due to the elongated tip structure of the stars. Taking into account of the
differences in the concentrations of NPs used in the absorption measurements, we have
estimated that the ratio of the absorption coefficients of the 65, 89 and 145 nm NPCs is
roughly 1: 1.6: 8.3 and that of 70, 100 and 139 nm NSTs is 1: 1.4: 2.8.
To gain better understanding on the effects of size and morphology on the optical
properties of IO-Au core-shell NPs, we have used the DDA method to calculate the
extinction spectra of IO-Au core-shell NPs of spheres, popcorns and stars with varied
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shell thickness considering the particle’s dimension given by TEM. Figure 4.8A shows
the calculated extinction spectra for three sizes of IO-Au NSPs with octahedral cores
(edge length a = 35 nm). With increasing sizes from 70 nm to 100 nm and 140 nm (due to
increasing Au shell thickness), the peak width broadens and the peak maximum red shifts
from 563 to 576 and 626 nm. The observed trends for the calculated spectra match
favorably with the experimental results shown in Figure 4.7A.
For the NPCs and NSTs, we have chosen to investigate the effects of adding tips
to the three sizes of NSPs on their respective extinction spectra as it is difficult to
represent the synthesized popcorn or star samples in a single particle calculation. Six
conical tips with lengths (L) of 20 nm for NPCs and 40 nm for NSTs were added to the
surfaces of the IO-Au NSPs along the x, y, and z axis. The width (w) of the tips for both
NPCs and NSTs is 30 nm. Figure 4.8B and 4.8C shows the calculated extinction spectra
for NPCs and NSTs with the base sizes of 70 nm, 100 nm and 140 nm. The results show
that the addition of tips results in extinction spectra with multiple LSPR peaks. When the
tip is short (the popcorn), the multiple peaks are not well resolved, resulting in a spectrum
consisting of a broad peak. Comparing to the IO-Au NSPs shown in Figure 4.8A, the
predominant LSPR peak for the NPCs is red shifted to over 600 nm (630, 632, and 657
nm respectively). The original peak in the NSP spectrum appears as a shoulder around
550 nm. These spectra agree reasonably with experimental spectra shown in Figure 4.7B.
Increasing the length of the tips to 40 nm (the star) results in the appearance of additional
LSPR peaks. As we can see in Figure 4.8C, the NSTs are characterized by two distinct
peaks at 740 and 870 nm and two weaker peaks around 550 and 640 nm. Previous
computational studies by Hao et al. using the finite-difference time-domain (FDTD)
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method showed similar spectral features for solid Au NSTs.75 They explained that the
multiple plasmon resonances result from the hybridization of the core and tip plasmons.
We speculate that the peaks shown in Figure 4.8C are likely a similar result from the
hybridization of plasmons associated with the IO-Au spherical core and the Au tips. The
first peak around 550 nm could be mainly due to the plasmon resonance of the IO-Au
NSP core but with a finite contribution from the tip plasmons. The peaks corresponding
to additional LSPR modes at 640, 740, and 870 nm are likely the result of plasmonic
coupling of the core and tips.
By increasing the base sphere size of the NSTs without changing the tip
dimensions, we observe an increase in the intensities of the first two LSPR peaks within
700 nm, but a reduction in intensities of the peaks at longer wavelength (~740 and ~870
nm), with only small shifts of the peak positions. This feature is also observed in
experimental spectra for NSTs shown in Figure 4.8C. The correlation between the DDA
calculated and the experimental NST spectra is not as strong as for the NSP and NPC
spectra. This is not surprising as the experimental spectra have been collected from a bulk
sample of IO-Au NSTs with varied number and length of tips while the calculated spectra
from a single particle with fixed number and length of the tips. We envision that the
number and length of the Au tips will be the major players in further tuning the optical
properties of the IO-Au NSTs. The exact correlation between observed LSPR peaks and
the NST properties of tip length, tip width and number of tips will be investigated in
detail in a future study.
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Figure 4.8. Calculated extinction spectra for the three sizes (D = 70, 100, and 140 nm) of
IO-Au core-shell NPs with octahedral IO cores (edge length a = 35 nm). (A) IO-Au coreshell NSPs (no tips). (B) IO-Au core-shell NPCs modeled by adding six conical tips with
L = 20 nm and w = 30 nm. (C) IO-Au core-shell NSTs modeled by adding six conical tips
with L = 40 nm and w = 30 nm. The inserts are the 100 nm particle models shown to
scale.
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4.4 Conclusions
In conclusion, we have synthesized monodisperse IO-Au core-shell NPs in
sphere, popcorn and star shapes with tunable Au shell thickness, leading to compact
magnetic-plasmonic NPs less than 100 nm in each shape. We have shown that the shape
was evolved after coalescence of Au seeds on the IO core. The IO-Au core-shell NPs
exhibit strong magnetic properties and tunable optical properties depending on the shape.
The IO-Au NPCs and NSTs showed red-shifted localized surface plasmon resonance
compared with the NSPs, with the nanostars giving strong plasmon resonance in the near
infrared region. The NSTs showed distinct multiple LSPR modes due to the elongated tip
structure on the IO-Au spherical core. These highly integrated bifunctional
nanostructures will have significant applications for biomedical and materials research.
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Chapter 5
Conclusions and Future Work
This dissertation has focused on the physical characteristics of Au-hybrid NPs
that affect NP LSPR properties, specifically, the extinction of incident light and the
enhancement of the E-field near the NP surface. In Chapter 2, we used extended Mie
theory to investigate the effects of complex core refractive indices on the extinction
spectra of spherical Au-shell NPs. The primary focus of this chapter was the
determination of the individual effects of the real and imaginary components of core
refractive indices on both the peak positions and magnitudes of Au-shell NP extinction
efficiency spectra. The Au-shell NP extinction spectra can be understood in light of the
plasmon hybridization model which predicts the existence of two peaks, a symmetrically
coupled low energy mode and the anti-symmetrically coupled high energy mode.66,126
The effects of real and imaginary components of refractive indices on the position and
intensity of both peaks were discussed. It was determined that an increase of the real
component of the core refractive index corresponds to a red shift of the symmetrically
coupled plasmon mode (Figure 2.2). The addition of an imaginary component to the
refractive index results in a small blue shift of the symmetrically coupled mode peak and
a decrease in peak intensity and significant peak broadening (Figure 2.4). The antisymmetrically coupled mode peak is visible with the further increase of the imaginary
component, while the symmetrically coupled mode peak decreases to become secondary
to the anti-symmetrically coupled mode before vanishing completely. The observed red
shift of the LSPR peak of Co-Au NPs was discussed in light of these findings. Because
the refractive index of Co has a large imaginary component, only the anti-symmetrically
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coupled mode peak is visible (Figure 2.5B). An increase in Au-shell thickness results in
weaker plasmon coupling and a decrease in energy (red-shift) of the anti-coupled mode.
Additionally, a universal scaling relationship between shell-thickness:core-radius and the
shift of the LSPR peak, similar to that of silica-Au NPs,64 was determined for IO-Au NPs
(Figure 2.6). This relationship was used to justify apparent discrepancies in literature on
the effects of Au-shell thickness on LSPR peak peak position. The universal scaling
relationship predicts a blue-shift of the LSPR peak with increasing Au-shell thickness.64
However, this consistent blue shift is with respect to the original peak positions of Au
NPs of the same sizes as the core-shell structured particles. Thus, a regular blue shift of
the LSPR peak is not always observed when the thickness of an Au-shell is increased on
a single size of NP cores (Figure 2.7). Finally, the effects of introducing a polymer gap
between and IO core and an Au shell were determined. The polymer layer was found to
increase the LSPR peak position and result in a red-shift of the LSPR peak by shielding
the dampening effects of the IO core (Figure 2.8).
While this study has provided insight into the effects of complex core refractive
indices on the extinction spectra of spherical Au-shell NPs, additional near-field
calculations may provide valuable information into the effects on SERS enhancement.
This may provide guidance in the design of SERS substrates. Additionally, it may be
beneficial to further understand the LSPR effects of core-material in nonspherical NPs
through DDA calculations. Work to synthesize Au-shell NPs using different core
materials may result in NPs that have larger extinction coefficients in the NIR region. A
core-material with a large real refractive index and small imaginary component would be
expected to exhibit desirable LSPR properties.
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In Chapter 3, we focused on better understanding the SERS enhancement
properties of Ag/Au hybrid NPs, specifically Ag-Au core-shell NPs and Ag/Au alloyed
NPs. Mie theory was used to calculate both the extinction and E-field EF spectra of
Ag/Au NPs. A recently published algorithm for the complex dielectric functions of
Ag/Au alloy thin films106 enabled the calculation of these spectra at values spanning the
entire range of alloy compositions between solid Ag and solid Au. Because we did not
need to approximate the alloy dielectric functions as linear combinations of the individual
dielectric functions of Ag and Au, the calculated extinction spectra had strong agreement
with published experimental spectra (Figure 3.1). Both the extinction efficiency and Efield EF spectra consist of single peaks that red-shift linearly with increasing Au mole
fraction with the E-field EF spectra red-shifted compared with the extinction efficiency
spectra (Figure 3.2). By comparing the E-field EF spectra of Ag-Au core-shell NPs to the
spectra of Ag/Au alloyed NPs of the same sizes and molar compositions, it was
determined that, for incident wavelengths between ~410nm and ~520nm, Ag/Au alloyed
NPs provide stronger SERS enhancements than the corresponding Ag-Au core-shell
structured, solid Ag, or solid Au NPs (Figure 3.3). Finally, we discovered that, for some
Ag-Au core-shell NPs, the hybridized LSPR modes corresponding to maximum
extinction efficiency and maximum E-field enhancement differ (Figure 3.6). Additional
investigation into the NP effects that result in NP absorption and E-field enhancement at
different wavelengths may direct synthesis efforts toward NP samples that cause less
sample heating during SERS detection. Because the SERS enhancement effects of Ag/Au
alloy NPs are system dependent, the development of an algorithm that relates NP size, Au
mole fraction, incident wavelength and scattered wavelength may assist experimentalists
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in the design of Ag/Au alloy NPs for individual systems. Unfortunately, experimental
quantifications of SERS enhancement factor are rare because of challenges in quantifying
the number of SERS molecules per NP. Therefore, experimental comparison of SERS
enhancement with our theoretical predictions cannot be made. Moreover, the choice of
Ag/Au hybrid NPs in actual experimental applications may default to NPs that have
greater stability rather than the one that has the highest E-field enhancement.
In Chapter 4, we used the Discrete Dipole Approximation method to calculate the
extinction spectra of three sizes of IO-Au core-shell structured NSPs, NPCs, and NSTs
for comparison with the experimentally measured absorption spectra of the NPs
synthesized as a part of this collaborative study. For all three sizes of NSPs, a single peak
is visible in the LSPR extinction spectra (Figure 4.8A) that red shifts with increasing Aushell thickness. For the short-tipped NPCs, the LSPR peaks are red-shifted compared
with the NPS and a red-shift is observed with increasing Au-shell thickness, however, the
degree of this shift is smaller than for the NSPs (Figure 4.8B). The calculated spectra of
the NSPs and NPCs were found to have acceptable agreement with the corresponding
experimental spectra. In both the experimentally measured and calculated NST LSPR
spectra, multiple peaks are visible which may be due to hybridization of the individual
plasmon resonances of the sphere and the tips. There is less similarity between the two
sets of NST spectra than for the NSPs or NPCs. This was attributed being a result of
comparing bulk solutions of synthesized NSTs with varying numbers of tips, tip
dimensions, and tip orientations to the calculated spectra of single NSTs.
A systematic study of NST properties, starting with solid Au NSTs may provide a
clearer understanding of the NST LSPR modes. The number of tips, angles between tips,
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tip lengths and tip widths, and the ratio of tip length to sphere size can be systematically
varied in DDA calculations. Additionally, the E-field data can be used to determine the
nature of LSPR modes, whether dipole or quadrupole modes, associated with each
specific peak. Separate calculations for the tips and sphere would indicate whether or not
hybridization between separate plasmon modes is the source of observed LSPR peaks for
the NST. Following a study of solid Au NSTs, the combined effects of an IO core and
these parameters can be determined. The development of a method for acquiring TEM
images, SERS spectra, and scattering spectra of individual NPs would enable the accurate
comparison between calculated and experimental SERS efficiencies and extinction
spectra of anisotropic NPs.
In this dissertation, Mie theory and DDA calculations were applied to study the
LSPR and near-field enhancement of Au-shell NPs. Other interesting directions to pursue
could include assembly of NPs. For example, a study of properties of Au NP assembly
into various structures resembling molecular geometries. Another interesting direction
would to examine other metals that have plasmonic properties such as copper, aluminum
and other conductive metals. Another important study, but is outside the capability of
DDA method, would be the study of surface chemistry of different NPs especially how
the plasmonic properties influence the chemistry of metallic particles.
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